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potentials.  Nitrate  was  found  to  be  unstable  at  all  potentials 
considered  provided  that  the  metal  was  exposed  directly  to  the 
solution.  This  resulted  in  clear  evidence  that  alloyed  nitrogen 
does  not  oxidize  to  NOj'  or  NO2*.  Indeed  a  new  mechanism  by  which 
nitrates  inhibit  corrosion  was  uncovered. 

The  apparent  synergistic  effect  of  Mo-N  in  improving  the 
corrosion  of  austenitic  stainless  steels  has  been  investigated  from 
two  points  of  view:  (1)  the  influence  on  N  and  Mo  on  the 
composition  of  the  alloy  just  beneath  the  passive  film  and  (2)  the 
influence  of  N  and  Mo  on  the  structure  and  function  of  the  passive 
film. 

Enrichment  of  metallic  Ni  beneath  the  passive  films  of 
austenitic  stainless  steels  was  observed.  This  enrichment  increased 
with  a  small  addition  of  Mo  with  N.  Evidence  was  found  of  the 
formation  of  stable  intermetallic  phase  consisting  of  a  mixed  Mo- 
Ni  nitride.  The  phase  appeared  to  result  from  a  tendency  of  N  to 
selectively  enhance  the  anodic  dissolution  of  Fe  and  to  render 
conditions  favorable  for  stronger  atomic  interactions  between  Ni 
and  Mo,  according  to  the  Engel-Brewer  model  of  intermetallic 
bonding.  The  metallic  phase  was  seen  as  a  component  to  the 

passivation  process  in  a  manner  not  considered  previously. 

The  passive  films  of  Mo  bearing  austenitic  stainless  steels 
polarized  in  acidic  Cl’  solution  exhibited  a  bipolar  structure  with 
MoO^'^  providing  a  cation  selective  property  to  the  outer  region  of 
the  intrinsically  anodically  selective  passive  film.  Improved 
resistance  to  Cl’  ion  attack  was  attained  by  increasing  the  cation 
selective  effectiveness  of  the  outer  portion  of  the  passive  film 
by  enhancing  the  formation  of  MoO^’^  instead  of  MoO,  by  lowering 
interfacial  pH  as  a  result  of  the  protonation  of  nitrogen. 

The  nitrogen  species  observed  in  the  passive  films  of  all 
austenitic  stainless  steels  studied  were  a  surface  nitride  and  NH3. 
In  18-8  stainless  steel,  it  was  shown  that  NHj  enhanced  passivity 
by  forming  a  more  Cr-enriched  passive  film  due  to  the  increased 
selective  dissolution  of  Fe  ions.  Evidence  from  pitting  incubation 
time  measurements  suggested  that  the  NHj  improved  the  resistance  to 
Cl’  ion  attack.  This  is  postulated  to  be  due  to  NHj  operating  as  a 
solid-state  buffer  to  local  acidification  resulting  from 
hydrolysis. 
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The  synergistic  effect  of  N  and  Mo  in  remarkably 
improving  the  corrosion  resistance  of  austenitic 
stainless  steels  in  Cl'  containing  solution  has  been 
investigated.  Electrochemical  techniques  in  conjunction 
with  X-ray  photoelectron  spectroscopy  (XPS)  were  utilized 
to  elucidate  the  mechanism  by  which  N  and  Mo  influence 
the  passivation  behavior  of  austenitic  stainless  steel. 

Since  nitrates  and  nitrites  are  known  to  be 
powerful  corrosion  inhibitors,  the  possibility  that 
alloyed  nitrogen  was  capable  of  oxidizing  to  either  of 
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these  species  was  considered.  While  no  evidence  could  be 
found  of  NO3'  formation  by  XPS,  it  was  decided  to  further 
clarify  this  issue  by  considering  the  stability  of  NO3' 
ions  on  the  surface  of  pure  Cr  and  a  variety  of  Mo 
bearing  stainless  steels  polarized  through  an  extensive 
range  of  potentials.  Nitrate  was  found  to  be  unstable  at 
all  potentials  considered  provided  that  the  metal  was 
exposed  directly  to  the  solution.  This  resulted  in  clear 
evidence  that  alloyed  nitrogen  does  not  oxidize  to  NO3* 
or  NO2'.  Indeed  a  new  mechanism  by  which  nitrates  inhibit 
corrosion  was  uncovered. 

The  apparent  synergistic  effect  of  Mo-N  in 
improving  the  corrosion  of  austenitic  stainless  steels 
has  been  investigated  from  two  points  of  view;  (1)  the 
influence  on  N  and  Mo  on  the  composition  of  the  alloy 
just  beneath  the  passive  film  and  (2)  the  influence  of 
N  and  Mo  on  the  structure  and  function  of  the  passive 
film. 

Enrichment  of  metallic  Ni  beneath  the  passive  films 
of  austenitic  stainless  steels  was  observed.  This 
enrichment  increased  with  a  small  addition  of  Mo  with  N. 
Evidence  was  found  of  the  formation  of  stable 
intermetallic  phase  consisting  of  a  mixed  Mo-Ni  nitride. 
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The  phase  appeared  to  result  from  a  tendency  of  N  to 
selectively  enhance  the  anodic  dissolution  of  Fe  and  to 
render  conditions  favorable  for  stronger  atomic 
interactions  between  Ni  and  Mo,  according  to  the  Engel- 
Brewer  model  of  intermetallic  bonding.  The  metallic  phase 
was  seen  as  a  component  to  the  passivation  process  in  a 
manner  not  considered  previously. 

The  passive  films  of  Mo  bearing  austenitic 
stainless  steels  polarized  in  acidic  Cl*  solution 
exhibited  a  bipolar  structure  with  MoO^"^  providing  a 
cation  selective  property  to  the  outer  region  of  the 
intrinsically  anodically  selective  passive  film.  Improved 
resistance  to  Cl*  ion  attack  was  attained  by  increasing 
the  cation  selective  effectiveness  of  the  outer  portion 
of  the  passive  film  by  enhancing  the  formation  of  MoO^*^ 
instead  of  M0O3  by  lowering  interfacial  pH  as  a  result 
of  the  protonation  of  nitrogen. 

The  nitrogen  species  observed  in  the  passive  films 
of  all  austenitic  stainless  steels  studied  were  a  surface 
nitride  and  NH3.  In  18-8  stainless  steel,  it  was  shown 
that  NH3  enhanced  passivity  by  forming  a  more  Cr-enriched 
passive  film  due  to  the  increased  selective  dissolution 
of  Fe  ions.  Evidence  from  pitting  incubation  time 
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measurements  suggested  that  the  NH3  improved  the 
resistance  to  Cl'  ion  attack.  This  is  postulated  to  be 
due  to  NH3  operating  as  a  solid-state  buffer  to  local 
acidification  resulting  from  hydrolysis. 
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voltage  is  (a)  negative,  (b)  positive. 

Figure  6.2  Bond  structure  of  NO,*  ion. 
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Figure  6.3  Surface  effect  of  NO3'  reduction  at  high 
anodic  potential. 

Figure  6.4  Valence-state  bonding  enthalpy  per  unpaired 
4d  and  5d  electrons. 

Figure  6.5  Free  energies  of  the  reactions  to  form  NijN, 
MOjN  and  6'"-Ni2Mo3N.’®’ 

Figure  6.6  Mo-Ni  phase  diagram. 

Figure  8.1  Salient  electrochemical  characteristics  vs. 
temperature  for  AL6X  and  A£,6XN  alloys  polarized  in  O.IM 
+  2M  NaCl.  (a)  Potentials (E^,  Epp  and  E^p) ,  (b)  Critical 
current  density  and  (c)  Passivation  current 

density  (Ip,3,) 
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Figur*  8.2  Salient  electrochemical  characteristics  vs. 
temperature  for  AL6X  and  AL6XN  alloys  polarized  in  0.5M 
HjSO^.  (a)  Potentials  (E^,  and  E^p) ,  (b)  Critical 
current  density  and  (c)  Passivation  current 
density  (Ip„,) 
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1.  ZMTRODUCTION 

1.1  8tat«mttxit  Of  tho  Problom 

Nitrogen,  a  powerful  austenite  stabilizer^'^^,  has 
been  shown  to  inhibit  the  precipitation  of  secondary 
phases^*^^,  improves  mechanical  properties  and  enhances 
the  effect  of  chromium  and  molybdenum  in  improving 
localized  corrosion  resistance  and  the  passivation 
characteristics  of  stainless  steels. During  anodic 
dissolution  of  high  N  austenitic  stainless  steels,  it 
has  been  shown,  in  this  laboratory,  that  nitrogen  is 
segregated  to  the  passive  film-metal  interface  where  it 
forms  a  relatively  stable  surface  nitride  phase.  This 
stable  nitride  is  associated  with  improvements  in 
passivation  (reduction  in  active  corrosion)  and  pitting 
resistance.^'®'”’  Such  improvements  are  found  to  be 
greatest  when  Mo  is  present  in  the  steel. 

A  major  question  addressed  in  this  dissertation  is 
whether  during  passivation  alloyed  N  becomes  oxidized  to 
NO2'  or  NO3*  at  anodic  potentials,  which  are  effective 
corrosion  inhibitors.  This  issue  has  been  considered  from 
the  perspective  of  the  stability  of  NO,'  ions  on  metal 
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surface  at  anodic  potentials.  One  aspect  of  this  research 
is  to  compare  the  influence  of  N  alloying  and  nitrate 
inhibitors  on  passivity  of  stainless  steels.  Also  NHj 
have  been  reported  to  be  observed  in  the  passive  film  of 
stainless  steel  polarized  in  a  Cl*  containing  solution. 
The  role  of  bound  KH3  on  the  passivity  of  stainless  steel 
has  not  been  considered  previously. 

It  is  well  known  that  molybdenum  has  a  very  strong 
effect  on  improving  pitting  resistance  and  lowering  the 
rate  of  anodic  dissolution  of  stainless  steel. In 
addition,  a  small  amount  of  added  nitrogen  improves  the 
effects  of  molybdenum  through  an  apparent  synergism  which 
has  not  hitherto  been  explained. The  Mo-N  synergism 
was  evaluated  from  two  perspectives:  (1)  the  role  of  Mo 
and  N  in  determining  the  structure  and  function  of  the 
passive  oxide  film,  (2)  the  influence  of  Mo  and  N  on  the 
alloy  composition  at  the  interface  and  within  the  passive 
oxide  film.  The  influence  of  N  on  the  local  pH  and  the 
pH  sensitive  formation  of  MoO^'^  in  the  passive  film  was 
evaluated  in  the  special  cases  of  MOjN  and  Mo  bearing 
steels.  In  each  case,  it  was  observed  that  the  MoO^*^ 
species  of  the  passive  film  increased  in  the  presence  of 
N  additions.  Even  though  metallic  Ni  enrichment 
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underneath  the  passive  film  has  been  reported  by  many 
studies, no  mechanism  by  which  Ni  enrichment  may 
influence  on  the  passivity  has  been  reported.  In  this 
work,  we  have  considered  the  possible  metal  phase 
contribution  to  the  apparent  Mo-N  synergism. 

We  have,  for  the  first  time,  determined  the 
existence  of  Mo*^^  as  a  constituent  of  the  passive  film 
of  Mo-bearing  steel  polarized  in  Cl'  solution  through 
various  experiments  for  Mo^^  standards. 

1.2  Experimental  Methodology 

The  primary  experimental  techniques  for  this 
research  were  electrochemical  and  XPS  analysis. 
Electrochemical  analysis  was  utilized  to  investigate  the 
general  corrosion  behavior  of  the  materials  considered. 
Individual  specimens  were  prepared  under  specific 
electrochemical  conditions  for  XPS  analysis  to  aid  in 
interpreting  the  electrochemical  behavior.  Using  variable 
angle  X-ray  photoelectron  spectroscopy  which  provides  in- 
depth  non-destructive  analysis,  the  structure  and  the 
composition  of  the  passive  layers  and  the  substrate  were 
Investigated.  X-ray  diffraction  was  only  utilized  for 
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identifying  various  synthesized  Mo  compounds,  needed  for 
spectral  analysis  of  standards. 

1.3  Summary  of  the  Results 

Surface  nitrides  were  formed  under  conditions 
leading  to  the  direct  exposure  of  metal  surface  to  the 
electrolyte,  by  the  direct  reduction  of  NO,*  ions 
regardless  of  applied  potentials.  The  role  of  the  surface 
nitride  formed  cathodically  from  NO,'  ions,  is  analogous 
to  that  formed  from  anodic  segregation  of  nitrogen  in  a 
N  alloyed  steel.  The  surface  nitride  enhances  the  pitting 
resistance  of  stainless  steels,  because  the  nitride  acts 
as  (a)  a  precursor  to  the  passive  film  (b)  a  buffer  to 
local  acidity,  thus  stabilizing  the  first  formed  layers 
of  the  passive  film. 

Ho  additions  to  stainless  steel  improve  pitting 
resistance  and  lowered  the  rate  of  active  dissolution. 
The  N  in  Mo  bearing  steel  was  segregated  as  a  surface 
nitride  phase  and  further  suppressed  active  dissolution 
through  an  apparent  Mo-N  synergism.  For  Fe20Cr20Ni  steel, 
only  metallic  Cr  enrichment  was  observed  underneath  the 
passive  film.  Comparison  of  Fe20Cr20Ni6Mo  and  Fe20Cr20Ni, 
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showed  that  metallic  Nl  and  Mo  enrichment  in  the  former 
increased  by  the  apparent  formation  of  a  Mo-Ni 
intermetallic  phase,  while  metallic  Cr  enrichment 
decreased.  With  0.2  wt%N  addition  to  the  Fe20Cr20Ni6Mo 
alloy,  a  subsequent  decrease  in  Cr  enrichment  and 
increase  in  Ni  and  Mo  enrichments  were  observed.  Also  N 
in  Mo  bearing  alloys  enhances  the  passivity  in  Cl* 
solution  by  increasing  the  bipolarity  of  the  passive  film 
due  to  the  preferred  formation  of  MoO^’*  rather  than  M0O3. 

Increasing  the  N  content  of  an  lB-8  stainless  steel 
improves  the  pitting  resistance  and  reduces  the  critical 
current  density  and  the  passive  current  density  by  making 
NHj  complex  with  Cr*’  to  form  [Cr (NH3)50H2]*’.  The  NHj 
complex  in  the  passive  film  reduces  the  packing  density, 
enhances  the  selective  dissolution  of  Fe*^  and  Fe*’  in  the 
passive  film  rendering  a  more  Cr-enriched  passive  film. 
This  Cr-enriched  film  improves  the  pitting  resistance  and 
reduces  the  passive  current  density. 

The  passive  film  of  pure  Mo  and  M02N,  polarized  in 
Cl'  contained  solution,  were  comprised  of  Mo**  and  Mo*’ 
cations.  It  has  been  observed  that  N  also  enhances  the 
passivity  of  pure  Mo  by  increasing  the  local  pH  and 
suppressing  the  formation  of  M0O3,  which  is  the  main 
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species  in  the  transpassive  region. 

According  to  an  extensive  investigation  in 
separated  work  presented  in  the  Appendix,  the  existence 
of  Mo**^  in  the  passive  film  of  pure  Mo  and  stainless 
steel  is  proved  and  the  binding  energy  of  Mo^^  3p 
photoelectrons  is  determined. 

1.4  Outline  of  the  Dissertation 

A  literature  survey  of  the  studies  of  the  effect 
of  Mo  and  N  on  the  corrosion  behavior  of  austenitic 
stainless  steel  is  presented  in  Chapter  2.  The  principles 
of  XPS  Including  the  variable  angle  technique  and  the 
quantitative  analysis  methods  are  reviewed  in  Chapter  3. 
The  experimental  details  are  supplied  in  Chapter  4.  The 
results  and  a  discussion  of  the  findings  of  this  research 
effort  are  presented  in  Chapter  5  and  6,  respectively. 
The  conclusions  and  recommendations  for  future 
investigations  appear  in  Chapter  7  and  8,  respectively. 
The  extensive  work,  in  which  the  binding  energy  of  Mo** 
3d  spectra  was  determined,  is  added  in  the  Appendix. 
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2.  LITERATURE  SURVEY 

2.1  Th«  Study  Of  MO3'  Stability  and  Its  Corrosion 
Inhibition  Propsrty 

Nitrate  anions  are  known  to  have  strong  Inhibitive 
effects  on  the  corrosion  rate  of  many  metals  and  alloys. 
Numerous  papers  have  been  devoted  to  understanding  the 
mechanism  by  which  NO3*  operates.  Kouldelkova  and 
Augustynskl^’  have  studied  the  behavior  of  NO3'  on  an 
aluminum  alloy  polarized  from  -340  mV  (Open  Circuit 
Potential)  to  1490  mV  (SCE,  passive  region)  In  IM  N03' 
/O.IM  Cl*  solution.  Their  Nls  XPS  spectra  of  the  passive 
film  showed  peaks  at  399.8  eV  and  407.0  eV.  The  position 
of  the  peak  at  399.8  eV  was  the  binding  energy  of  the  Nls 
electron  of  NH^*  formed  by  reduction  of  NO3*.  McKlsslck 
et  al.^^’  studied  weight  loss  of  A1  alloys  as  a  function 
of  N03'  concentration  In  Cl*  solutions.  They  found  that, 
by  varying  the  NO3'  concentration  from  0.0  up  to  0.012N 
NaN03  In  O.OIN  NaCl,  an  Initial  parabolic  Increase  In 
weight  loss  was  yielded  as  the  NO3*  was  Increased  to 
0.006N.  Upon  Increasing  the  NO3'  concentration  to  0.012N, 
they  observed  a  decrease  In  weight  loss  of  the  A1  alloy. 
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For  NOj*  concentrations  higher  than  O.OIN,  the  weight 
loss  observed  was  negligible.  They  attributed  this 
parabolic  weight  loss  behavior  to  NOj*  being  reduced  to 
NOj".  Using  cyclic  voltammetery,  Fletcher  and 
Poorabedi^^’  performed  nitrate  reduction  studies  on 
copper.  From  the  solution  analysis,  they  found  that  NHj 
was  the  predominant  reduction  species  of  nitrate  and  that 
the  rate  of  NOj'  reduction  was  proportional  to  the  proton 
concentration  in  the  solution.  They  proposed  that 
protonation  occurrM  prior  to  reduction  of  the  NOj’  ion. 
The  reduction  of  NOj‘  to  nitride  has  been  reported  by 
Oatta  et  al.^’  They  analyzed  the  transpassive  dissolution 
of  nickel  in  6M  NaNO,  +  O.lM  NaOH  and  have  found  that 
nitride  corresponding  to  a  Nls  binding  energy  of  397.5 
eV  was  retained  at  the  metal-oxide  interface.  This 
surface  nitride  was  conjectured  as  either  resulting  from 
a  direct  interaction  between  nitrate  and  the  metal 
surface  or  a  result  of  a  NOj*  reduction  reaction  that 
occurred  after  the  ancdic  current  was  turned  off.  Newman 
et  al.^*'^*^  reported  that,  when  a  nitrogen-free  alloy  was 
polarized  in  4M  HCl  +  2M  NaNOj  solution,  an  effect  of  NOj* 
addition  was  similar  to  that  of  the  alloyed  N.  This 
effect  was  attributed  to  the  electroreduction  of  the  NOj* 
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ions  in  solution.  However  the  nature  of  the  surface 
nitrogen  was  not  explained.  In  previous  studies  performed 
in  this  laboratory, NOj*  reduction  on  pure  metals 
and  stainless  steels  and  surface  nitride  formation  at 
cathodic  potential  were  reported  using  the  technique. 
That  work  has  been  further  extended  in  this  dissertation 
in  order  to  elucidate  the  nature  of  the  Mo-N  synergism. 

2 m2  The  Role  of  N  and  Mo  on  the  Corrosion  of  Austenitic 
Stainless  Steels 

Nitrogen  alloying  has  been  successfully  used  to 
improve  the  mechanical  properties  of  commonly  used 
austenitic  stainless  steels  commonly  used.  Early  evidence 
of  enhanced  resistance  to  the  initiation  of  pitting  by 
alloying  with  nitrogen  was  reported  by  Uhlig“^  and 
Streicner’^\  By  comparing  weight  loss,  Uhlig^®’  concluded 
that  the  corrosion  resistance  of  0.24  wt%N  austenitic  18- 
8  stainless  steel  in  ferric  chloride  solution  was 
approximately  double  that  of  0.165  wt%N  18-8  alloy. 
Streicher,’^’  investigating  pitting  corrosion  of  18-8 
steels  in  NaCl  solution  as  a  function  of  nitrogen  and 
other  alloying  additions,  observed  that  increasing  the 
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Mo,  N  and/or  Si  content  and  reducing  the  C  content, 
improved  the  pitting  resistance.  Further  that  combined 
additions  of  Mo,  N  and  Si  provided  superior  behavior  to 
individual  additions  of  these  elements. 

According  to  polarization  studies  in  0.5M  H2SO4  + 
0.5M  NaCl  by  Eckenrod  and  Kovach^^  of  18-8  stainless 
steels  containing  0.04  wt%N  -  0.24  wt%N,  it  was  found 
that  increasing  the  N  content  resulted  in  a  significant 
reduction  in  the  critical  and  the  passive  current 
densities  and  an  increase  in  the  pitting  potentials. 
Chigal  et  al.”^  and  Kolotyrkin  et  al.*°^  reported  on  the 
anodic  polarization  of  Fe20Cr20Hi  stainless  steels 
containing  0.05,  0.38  and  0.50  wt%N  in  IM  HCIO^  +  0.3M 
NaCl.  Their  work  showed  that  increasing  the  N  content 
also  resulted  in  the  lowering  of  the  critical  current 
density  and  the  dissolution  rate  of  the  alloy. 

Osozawa  and  Okato®'^'^  have  reported  that,  in 
deaerated  4  wt%  NaCl  solution  at  30^C,  a  0.2  wt%N 
addition  to  a  17Cr22Nil.5Mo  steel  corresponded  to 
approximately  a  4  wt%  increase  of  Cr  as  estimated  by  the 
pitting  potential.  In  addition,  the  authors  reported  on 
the  presence  of  NH^^  ions,  by  solution  analysis  after 
pitting  corrosion  tests.  Therefore,  it  was  suggested  that 
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the  formation  of  ions  reduced  the  local 
acidification  within  the  pit,  aiding  repassivation  before 
pit  growth  occurred.  N  as  an  alloying  element  to  improve 
pitting  corrosion  resistance  was  also  reported  by  Kearns 
et  al.^^  and  Truman  et  al.^*  Kearns  et  al.^^  reported  that 
N  additions  to  low  carbon  austenitic  stainless  steels 
containing  molybdenum  improved  crevice  corrosion 
resistance,  intergranular  corrosion  resistance  and 
passivation  characteristics  by  electrochemical  testing 
in  acidic  and  chloride  containing  solutions. 
Newman^^'^®*’^'^^^  reported  the  effect  of  nitrogen  on  the 
anodic  behavfor  of  austenitic  stainless  steel  in  a  Cl* 
containing  acidic  solution.  In  that  work,  the  reduction 
of  anodic  dissolution  rate  was  observed  during  the 
polarization  of  N-bearing  stainless  steel  in  Cl*  solution 
or  N-free  steel  in  Cl’/NOj*  solution.  These  results  were 
affected  by  the  enrichment  of  surface  nitrogen  during  the 
polarization.  Truman  et  al.^’  showed  that  N  was  more 
effective  in  improving  corrosion  resistance  in  the 
presence  of  Mo,  suggesting  a  possible  synergism  between 
Mo  and  N.  In  another  study.  Bandy  and  Van  Rooyen^®’ 
examined  the  pitting  resistance  of  an  experimental 
stainless  steel (alloy  30-C)  with  a  nominal  composition 
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Of  22Cr-21Ni-6Mo-0.49N.  Comparative  anodic  polarization 
studies  with  the  commercial  alloy  AL6X  (20Cr-24Ni-6.5Mo- 
0.04N)  in  deaerated  0.5M  HCl  +  3M  NaCl  at  50**C  showed 
immediate  pitting  of  AL6X  whereas  alloy  30-c  became  fully 
passive  after  some  incipient  breakdown. 

In  a  further  study  of  30-C,  surface  analysis  by 
Auger  electron  spectroscopy (AES)  and  X-ray  photoelectron 
spectroscopy (XPS)  was  performed  in  this  laboratory  after 
24  hours  passivation  at  500  mV(SCE)  in  a  deaerated  SO^*^ 
containing  solution  and  in  a  Cl'  containing  solution  at 
22®C.**^‘’^’  It  was  observed  that  N  as  a  surface  nitride 
was  enriched  to  about  7  times  its  bulk  level  at  the 
oxide-metal  interface.  This  excessive  segregation  of 
nitrogen  was  caused  by  selective  dissolution  of  metal 
atoms  at  the  surface.  Recent  studies’* reported 
that  Ni  enrichment  underneath  the  passive  film  of 
austenitic  stainless  steel  was  increased  by  raising  the 
N  content  and  that  Ni  appeared  to  play  an  important  role 
in  improving  passivity  and  raising  the  pitting  potential. 
Even  though  Ni  nitride  is  unstable,  a  mixed  nitride  with 
Cr  or  Mo  is  very  stable. Therefore  this  surface  nitride 
was  conjectured  to  easily  form  at  the  oxide-metal 
interface  and  to  Improve  passivation  characteristics. 
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2.3  Modsls  of  tlio  Effect  of  Nitrogen  on  Corrosion 
Resistance 

Summarizing  the  earlier  suggestions,  the  effects 
of  nitrogen  were  grouped  into  three  models: 

fl)  Consumption  of  protons  in  pit  nuclei  bv  nitrogen 
dissolution  due  to  the  reaction.  N  +  4H*  +  3e  g 
There  are  several  apparent  difficulties  with  this  idea, 
but  none  is  insuperable  on  closer  examination.  The 
beneficial  effect  of  nitrogen  often  increases  as  other 
beneficial  elements  such  as  Mo  are  added,  hence  it  is 
found  that  nitrogen  is  highly  beneficial  in  alloys  which 
already  have  rather  high  pitting  potentials.’"'’’^  This 
appears  to  be  inconsistent  with  a  cathodic  reaction 
(nitrogen  dissolution)  which  is  more  rapid  at  low 
potential.  Through  the  study  of  nitrate  inhibition  of 
pitting  nitrogen  stability  on  the  surface  and  its  related 
chemistry  need  to  be  reanalyzed. 

Ife) _ Enrichment  of  nitrogen  below  the  passive 

f ilm.^'^'^*’*’  Many  attempts  have  been  made  to  related  the 
surface  compositions  of  passive  alloys  to  their  pitting 
behavior.  On  the  basis  of  a  uniform  penetration  of 
chloride  ions,  such  compositional  Information  would  be 
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directly  related  to  the  resistance  of  the  film  to 
breakdown.  Nitrogen  has  been  shown  to  be  strongly 
enriched  under  the  passive  film  during  prolonged 
passivation, and  one  can  therefore  argue  that  a  more 
rapid  transient  enrichment  may  occur  at  flaws  where  the 
local  passive  dissolution  rate  is  much  greater  than  that 
measured  macroscopically.  Such  an  enrichment  might 
prevent  rapid  dissolution  of  the  substrate  following 
destruction  of  the  film.  This  suggestion  is  not  testable 
and  it  currently  appears  more  profitable  to  explore 
effects  of  nitrogen  in  small,  affectively  dissolving 
pits.  This  approach  is  justified  by  the  observation  of 
unstable  pitting  at  very  low  potentials'^  and  by 
indications  that  alloyed  nitrogen  mainly  affects  the 
propagation  rather  than  the  initiation  of  pits.^'^  In  this 
model,  the  structure  and  compositions  are  not  considered 
important.  Therefore  the  relation  between  the  stability 
of  the  passive  film  and  the  enrichment  of  nitrogen  is  not 
yet  explained. 

f3)  Enrichment  of  nitrogen  on  an  active  surface.^* 
This  model  offers  the  possibility  of  unifying  the 
nitrogen  effect  with  the  molybdenum  effect.  The  basis  of 
this  suggestion  is  that  the  dissolution  of  nitrogen  to 
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anunonixm,  at  sufficiently  high  positive  potential, 
becomes  too  slow  to  keep  up  with  the  increasing  rate  of 
alloy  dissolution.  Nitrogen  atoms  will  be  enriched  on  the 
active  surface  and  should  have  sufficient  mobility  to 
block  some  proportion  of  the  mobile  kink  sites  on  the 
surface.  A  chemical  interaction  between  N  and  metallic 
elements  may  be  involved.  In  this  research,  analysis  of 
the  nature  of  this  chemical  interaction  was  attempted. 

2.4  Passivation  Behavior  of  Molybdenum 

The  literature  on  the  passivity  of  Mo  is  quite 
mixed-especially  those  groups  representing  XPS  data. 
However,  on  considering  a  range  of  electrochemical  data 
for  pure  it  is  apparent  that  pure  Mo  has  a 
passive  region  in  Cl'  containing  solutions.  In  deaerated 
O.IM  HCl,  for  example.  Mo  is  passive  in  the  range  between 
-396  mV  to  125  mV(SCE) .  Many  papers  have  contributed  to 
the  understanding  of  the  nature  of  the  passivity  of 
molybdenum.  Heumann  and  Hauck,®^^  through  the  kinetics  of 
dissolution  of  molybdenum  in  strong  acid  electrolytes 
(H2S0^,  HCl,  HNO3,  pH  0-2),  observed  that  molybdenum 
dissolved  with  a  valence  of  six  and  that  the  rate 
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controlling  step  is  the  transition  from  valence  four  to 
six.  They  concluded  that  M0O2  was  formed  on  the  metal 
surface  by  anodic  polarization  and  molybdenum  dissolved 
from  a  passive  state.  This  behavior  was  independently 
verified  by  Clayton  and  Lu*'*  using  a  bipotentiostat .  They 
found  the  evidence  of  MoO^’^  release  from  pure  Mo  in  O.IM 
HCl,  and  subsequent  deposition  on  a  passive  Cr  electrode. 
Wikstrom  and  Nobe^^^  measured  capacitance  values  and 
reported  that  the  passive  film  of  pure  Mo  in  IN  H2S0^ 
consisted  of  M0O2.  M.  Hull^^*  suggested  that,  by  measuring 
the  anodic  dissolution  current  of  molybdenum  wire  and 
disc  electrodes  in  l.OM  H2S0^,  the  passive  films  had  the 
composition  M0O2  and  M0O3. 

Two  groups,  Kozhevnikov  et  al.^^  and  Brox^^’^*, 
analyzed  the  Mo  surfaces  passivated  in  0.5M  H2S0^  by  XPS 
and  concluded  that  no  oxides  of  molybdenum  were  formed 
at  potentials  in  the  passive  region.  They  concluded  that 
the  passive  state  was  due  to  oxygen  chemisorption.  Ansell 
et  al.^^’  also  examined  the  surface  of  molybdenum 
electrodes  by  XPS  and  found  that  Mo  was  slightly  oxidized 
by  deaerated  water.  Pozdeeva  et  al.^’  suggested  that  the 
passive  film  is  a  mixed  oxide  having  an  oxidation  number 
ranging  from  5.3  to  5.5.  It  was  also  suggested  that,  in 
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the  transpassive  region,  the  S  and  F  oxides  i.e.  MoO^  9^. 
2  06  ^^^2.65-2.75  formed  and  subsequently  oxidized  to 
the  soluble  product  HjMoO^.  At  high  potentials  (>700  mV) , 
a  mixture  of  the  6,  6*  and  a  phases,  MoOj  g^-MoOj,  were 
considered  to  be  formed.  In  another  study,  based  on 
electrochemical  data,  Konig  and  G5hr^^^  suggested  that 
M0O3  is  formed  in  the  transpassive  region.  Lu  and 
Clayton^^^  have  reported  that  the  passive  film  formed  on 
molybdenum  in  deaerated  O.IM  HCl  is  a  compact  thin  film 
comprised  of  M0O2  and  MoO(OH}2  and  that  the  transpassive 
product  of  molybdenum  is  a  mixture  of  M0O2,  Mo0(0H)2^ 
MOjOj  and  M063.  However  the  existence  of  MoO(OH)2  is 
brought  into  question  in  this  dissertation  due  to  a  more 
extensive  study  of  Mo^^  containing  compounds,  which  is 
presented  in  the  Appendix. 

2.5  Bipolar  Model  of  the  Passivity  of  Stainless  Steel 

This  model  was  proposed  first  by  Sakashita  and 
Sato^°  describing  the  ion-selective  nature  of  porous 
bipolar  product  membranes.  They  suggested  that  passivity 
should,  in  principle,  be  reinforced  when  the  film  becomes 
bipolarized  with  an  anion-selective  inner  layer  and  a 
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action-selective  outer  layer.  Under  these  conditions,  the 
outer  layer  would  allow  univalent  cation  such  as  to 
escape  while  inhibiting  the  ingress  of  anions  such  as  OH* 
and  Cl'.  In  another  work  by  Sakashlta  and  Sato,^'’ 
hydrated  Cr^^  and  Fe**^  oxide  membranes  were  found  to  be 
anion-selective  in  monovalent  solutions  but  cation- 
selective  in  the  presence  of  multivalent  anions  such  as 
MoO^'^  or  CrO^'*.  This  indicated  that  the  adsorption  of 
molybdate  on  the  membrane  produced  a  cation-selective 
outer  layer.  Applying  this  model  to  the  study  of  thin 
passive  film,  Clayton  et  52-54)  shown  that  with 
the  cation  migration  from  the  metal  hindered  by  the 
anion-selective  inner  layer,  a  positive  space  charge  will 
develope,  causing  the  O*^  ions  formed  by  deprotonation  of 
OH'  to  migrate  to  the  metal  surface  and  create  a 
dehydrated  oxide.  Also,  they  have  reported  that  the 
adsorption  of  molybdate  on  the  film  changes  the  inherent 
anion-selectivity  of  the  outer  region  of  the  film  to 
cation-selective.  This  produces  effectively  a  bipolar 
film,  which  allows  univalent  cations  to  migrate  out  of 
the  passive  film  while  hindering  the  ingress  of  anions 
such  as  Cl'  and  OH'.  Therefore  this  results  in  improving 
pitting  resistance  due  to  the  reduction  of  Cl' 
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adsorption.  Schematic  representation  of  the  bipolar 
behavior  of  the  passive  film  formed  on  stainless  steel 
is  presented  in  figure  2.1. 
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3.  Variable  lUigla  X-ray  Pbotoalaotron  Spactroseopy 

3.1  Introduction 

Variable  Angle  j{-ray  £hotoelectron  Spectroscopy 
(VAXPS)  has  become  a  widely  used  tool  for  surface 
chemical  analysis,  because  it  supplies  an  abundance  of 
surface  chemical  and  in-depth  elemental  infozmation  non- 
destructively.  Angular  peak  intensity  distributions  can 
yield  information  regarding  the  surface  layer 
thickness,**'*^’  the  atomic  profile,*'***'*^’  the  morphology 
of  the  overlayer  coverage,  the  photoelectron 

attenuation  length®®'*®'*^'*^'*^'"'*’^  and  the  surface 
topography .  The  non-destructive  nature  of  XPS 

combined  with  the  ability  to  investigate  depth  profiles 
makes  VAXPS  a  preferable  technique  for  passive  film 
analysis  in  comparison  with  ion-etch  profiling,  as  in  AES 
or  SIMS.  The  underlying  principle  of  the  VAXPS  technique 
is  the  ability  to  selectively  enhance  the  signal 
emanating  from  the  top  atomic  layers  by  collecting 
photoelectrons  from  low-  or  grazing-electron  exit  angles. 
This  effect  is  illustrated  in  figure  3.1,  where  the 
effective  sampling  depth  is  observed  to  decrease  with  the 
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sine  of  the  photoelectron  take-off  angle. 

3.2  Theoretical  Considerations 

A  basic  expression  regarding  photoemission  from  a 
solid  was  first  described  for  UPS  by  Berglund  and  Spicer 
in  1964.^^^  They  arrived  at  a  suitable  equation  by 
considering  the  emission  as  a  three-step  process; 
excitation «  travel  to  the  surface  and  escape  from  the 
surface.  Their  equation  has  been  modified  by  a  number  of 
other  workers  for  XPS.  Fadley  et  al.”'®*^  was  the  first 
to  comprehensively  treat  angle  resolved  effects, 
theoretically  and  experimentally.  Several  other 
expressions  of  the  photoemission  process  have  also 
appeared  in  the  literature. 

A  basic  feature  of  the  photoemission  experiment  is 
indicated  in  figure  3.2.”^  X-rays  with  an  angular 
divergence  of  are  incident  on  the  specimen  surface  at 
an  angle  0^.  Refraction  and  reflection  of  the  X-ray 
radiation  may  occur  at  the  surface  such  that  in  general 
the  Internal  propagation  angle  0^'  need  not  to  equal  0^, 
and  a  fraction  of  the  X-ray  intensity  is  reflected 
back  from  the  surface.  The  X-rays  are  attenuated  in 
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intensity  due  to  absorption  as  they  penetrate  to  some 
depth  z  below  the  surface.  Photoelectrons  produced  at 
this  depth  travel  toward  the  surface  at  an  angle  e ' .  The 
no-loss  component  of  this  photoelectron  flux  is 
attenuated  by  inelastic  scattering  during  this  travel. 
The  electrons  also  may  be  refracted  and  reflected  at  the 
surface,  so  that  the  measured  external  angle  e  need  not 
be  equal  to  the  internal  angle  and  a  fraction  of 

intensity  is  internally  reflected.  The  uncertainty  in 
measured  e  produced  by  the  spectrometer  is  A&.  The 
electrons  possess  a  kinetic  energy  E  just  outside  the 
specimen  surface.  The  angle  between  the  X-ray  and 
electron  a  propagation  directions  is  assumed  fixed.  An 
expression  for  the  number  of  photoelectrons  in  a  certain 
no-loss  peak  that  emitted  from  a  differential  volume 
element  dxdydz  can  be  written  as: 

dN(k,e,^^,x,y,z)  =  [X-ray  flux  at  depth  z] 

• [Number  of  atoms  in  volume  element] 

• [Probability  for  k  emission] 

•[Fraction  reach  surface  in  no-loss  peak] 
•[Electron  flux  change  in  crossing  surface] 
•  [Instrumental  detection  efficiency]  (3.1) 
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In  order  to  further  derive  equation  3.1,  several 
simplifying  assumption  are  made:  (1)  The  specimen  surface 
is  flat,  (2)  The  specimen  is  amorphous  or 
polycrystalline,  (3)  The  refraction  and  reflection  of  X- 
ray  at  the  specimen  surface  is  adequately  described  by 
classical  electromagnetic  theory,  (4)  The  attenuation  in 
the  specimen  of  either  X-rays  or  no- loss  photoelectrons 
is  described  by  an  exponential  decay  along  the  path 
length,  (5)  Both  attenuation  lengths  of  X-ray (Tj^)  and 
photoelectron (F^)  are  constants  independent  of  electron 
emission  depth,  0  and  (6)  Effect  of  electron 

refraction  and  reflection  at  the  surface  are  negligible, 
and  (7)  Elastic  electron  scattering  has  negligible 
effects  on  angular  distributions  of  photoelectrons.  With 
the  use  of  the  above  assumptions,  equation  3.1  can  be 
expressed  in  mathematical  form: 

dN(k,e,0^,x,y,z)  *  [I(e,x,y)  (1-RJ  (sin0,/sin«,') 

exp(-z/r^sin0j,' )  ]  •  [5(z)dxdydz] 
•[da^/dn{n'  (E,Eo,e,x,y)}] 

• [exp{-z/r,(E)sine') ] 

•  [  (1-R,)  sine '/sine] 

•Do(E,Eo)  (3.2) 
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Here,  f(z}  represents  the  z-dependent  atonic  density 
(number /unit  volime)  associated  with  level  k,  da/dn*  is 
the  average  bulk  differential  photoelectric  cross  section 
per  atom  for  level  k  associated  with  emission  into  the 
internal  solid  angle  O',  (1-R,)  represents  intensity 

losses  due  to  the  surface  reflection  of  X-rays  and 
electrons,  and  Dg(E,EQ)  is  used  to  denote  an  energy- 
dependent  instrumental  detection  efficiency.  If  we  assume 
the  atomic  density  is  constant  with  z,  0=8',  R,  =  0, 
n  =  n',  and  refraction  and  reflection  of  X-ray  can  be 
negligible,  equation  3.2  can  be  integrated  over  the 
entire  volume  of  a  specimen  of  thickness  t  to  yield  for 
the  total  intensity  in  peak  k: 

N^(k,e)  =  D(E,Eg)-I,-no(E,Eo)-(Vsine).5*(da/dn') 

•r^(E)  ‘sinO*  [l-exp(-t/rj(E)sin8]  (3.3) 

Here,  is  X-ray  flux  and  Ag  is  aperture  area.  For  an 
infinitely  thick  specimen,  equation  3.3  reduced  to 


N.(k,e)  -  D(E,Eg)-I,-ng(E,Eg)-Ag-5 

• (da/dn) •r,(E) 


(3.4) 
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The  peak  intensities  forming  multiple  overlayer 
structures  can  be  calculated  by  accounting  for  the 
attenuation  from  each  successive  layer  and,  also,  the 
thickness  of  each  layer  can  be  calculated.  A  particularly 
useful  method  of  data  analysis  may  be  accomplished  by 
taking  the  ratio  of  the  over layer /substrate  species.  The 
overlayer  and  substrate  peaks  must  occur  at  the  same 
energies  for  ratio  data  to  be  meaningful,  as  in  the  case 
of  metal  and  native  oxide.  The  usefulness  of  ratio  data 
arises  because  of  several  factors  which  Include 
cancelation  of  the  instrument  response  function, 
elimination  of  X-ray  flux  angular  distribution  factor, 
and  elimination/ cancelation  of  various  specific 
spectrometer  types  and  settings.  Therefore  ratio  data  can 
be  compared  between  different  spectrometers  and 
laboratories  without  the  addition  of  any  correction 
factors.  It  is  also  assumed  that  the  photoelectric  cross- 
section,  the  asymmetric  parameter  and  mean  free  paths  for 
photoelectrons  from  the  same  core  state  of  a  given  atomic 
species  in  the  substrate  and  the  overlayer  are  equal. 
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3.3  Quantitatlv*  Analysis 

3.3.1  Ssnsitivity  Factor 

In  XPS  data,  the  peak  area  measures  the  total 
number  of  atoms  emitting  photoelectrons  which  are 
collected.  We  can  restate  equation  3.4  in  its  more 
commonly  used  form, 

I  *  I,-R*ya-D-A*r  (3.5) 

where  I  -  number  of  photoelectrons  detected/ sec 
Ij,  *  incident  X-ray  flux  ( photons/ sec. cm^) 

R  -  instrumental  efficiency  factor 
y  =  efficiency  of  photoelectric  process 
a  «  photoelectric  cross  section  (cm^/atom) 

D  »  atomic  density  (atoms/cm^) 

A  =  analyzing  area  (cm^) 

F  =  inelastic  mean  free  path 
For  a  multicomponent  homogeneous  solid,  the  atomic 
density  and  the  concentration  of  a  component  i  can  be 
expressed  as: 

D,  *  I,/I,Rjy,a,.A,r,  =  I,/S,  (3.6) 

C,  -  D,/ZD,  -  (I,/S,)/S(I,/S,)  (3.7) 

where  C  is  the  concentration  and  S  is  the  atomic 
sensitivity  factor.  Even  for  a  given  element,  absolute 
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sensitivity  factors  depend  on  several  factors:  the 
spectrometer  type  and  condition,  vacuum  level,  and 
experimental  condition  etc.  Therefore,  in  this  study, 
relative  sensitivity  factors  were  obtained  experimentally 
and  used  for  calculating  concentrations  in  surface  oxide 
films. 

3.3.2  Thickness  Calculation 

The  presence  of  surface  layers  result  in  the 
intensities  of  the  substrate  and  surface  layer 
contributions  varying  as  a  function  of  1/sine.  Using 
equation  3.3,  3.4  and  3.5,  these  intensities  are  defined 
as: 

I,**  *  I,exp(-t^^/r^sine)  (3.8) 

O  “  Iox(l-exp(-t,,/r^,sine))  (3.9) 

Thickness  of  the  surface  layer(e.g.  oxide  layer),  t^^, 
can  be  obtained  by  solving  equation  3.8  and  3.9. 

-  r„sinO  +  1] 

-  r„sine  ln( (l„‘‘s,D,/i,''s„D„)  +  i]  (3.10) 

For  a  specimen  with  duplex  over layers  (e.g.  oxide  and 
hydroxide  layers) ,  the  thickness  of  the  first  over layer, 
which  is  located  between  the  substrate  and  the  other 
overlayer  (e.g.  hydroxide  layer),  can  be  calculated  using 
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equation  3.10.  Thickness  of  the  second  over layer,  tg„, 
can  be  obtained  using  equation  3.11,  which  is  derived 
with  similar  method  to  equation  3.10. 


^o«  ~  ToySinO  ln[  (Iq„S,D,/I,Sq„Dq„) 
•exp(-t„^/r^^sine)+l] 


(3.11) 
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4.  BZPBRZNEllTAL 

4.1  Materials 

4.1.1  Purs  Metals  and  fltaialsss  Steels 

Pure  Metals  -  The  electrode  naterial  for 
electrochemical  analysis  included  a  high  purity  (99.99%) 

■A 

Cr  disc  (r«5mm,  t>lnm>*  and  high  purity  (99.99%)  Mo  and 
Pt  coupons  (7inm  x  10mm  x  1mm) . 

Stainless  Steels  >  Several  kinds  of  austenitic 
stainless  steels  in  coupon  forms (7mm  x  10mm  x  1mm)  used 
in  this  study  are  listed  in  table  4.1.  These  steel 
samples  were  annealed  at  llOO^C  for  3  hours  in  an 
evacuated  quartz  tube  and  quenched  in  water.  These  steels 
were  provided  by  Colt  Industries (Eckenrod  and  Kovach), 
Allegheny  Ludlum  Steel  Corp. (J.  R.  Kearns)  and  Sandvik 
AB (Sweden) . 

4.1.2  Molybdenum  Nitride (MOjN) 

Pure  Mo  in  coupon  form  was  nitrided  in  a  quartz 
tube  in  an  ammonia  (NH3)  environment  at  600*C  for  48  hours 
by  Y.  Lu^*^  in  McMaster  University.  The  structure  of  these 
nitrides  has  been  characterized  by  X-ray  diffraction  and 
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found  to  be  MOjN. 

4.1.3  Bleetrolytee 

All  electrolytes  were  prepared  from  doubly 
distilled  water  and  analytical  reagent  grade  chemicals. 
All  solutions  were  deaerated  with  Ar  for  at  least  2  hours 
before  using. 

4.2  Eleotroehemloal  Analysis 

4.2.1  Sample  Preparation 

Metal  mmples  were  ground  using  a  600  grit  SiC 
paper  disc  and  polished  with  6nm  and  0.25/im  diamond 
paste.  They  were  ultrasonically  cleaned  in  acetone  and 
in  iso-propanol.  Then,  they  were  rinsed  with  doubly 
distilled  water  and  mounted  for  polarization.  As 
presented  in  figure  4.1,  all  specimens  were  mounted  on 
holders  constructed  of  borosilicate  glass  tube  and 
plexiglas.  An  external  electrical  connection  to  the 
specimen  was  established  by  contacting  a  Cu  wire  to  the 
specimen  which  exited  the  cell  through  a  glass  tube. 
Specimens  were  embedded  in  an  epoxy  resin  and  the 
specimen  edges  and  exposed  Cu  were  all  masked  with  epoxy. 
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Thus  only  the  specimen  surface  ceune  into  contact  with  the 
electrolyte. 

4.2.2  Eleotroehemioal  Cell 

A  convent  ional^^^  and  a  modified  Greene  cell 
constructed  of  borosllicate  glass  and  fitted  with  ground 
seal  was  utilized  for  the  electrochemical  work.  For  the 
nitrate  treatment  in  order  to  form  a  surface  nitride  on 
metal  electrodes  electrochemically,  a  modified  Greene 
cell  was  used.  The  platinum  counter  electrodes  were 
removed  from  the  cell  and  placed  in  two  separate 
compartments  on  the  opposite  sides  of  the  cell  to  prevent 
plating  of  Pt  on  the  working  electrode  during  nitrate 
reduction  process.  A  porous  frit  was  placed  between  the 
compartment  and  the  cell.  A  Saturated  Calomel  Electrode 
(SCE)  was  used  for  the  reference  electrode  and  all 
potentials  are  reported  relative  to  the  SCE.  The 
reference  electrode  was  placed  in  a  solution  of  IM  KCl 
and  separated  from  the  cell  by  a  glass  frit  and  a  Luggin- 
Haber  capillary  tube.  The  electrolyte  in  the  cell  was 
deaerated  with  Ar  for  at  least  2  hours  prior  to  start  of 
the  experiment.  A  magnetic  stirring  bar  provided  solution 
agitation  throughout  the  experiment. 
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4.2.3  Znstnmaiitation 

Polarization  experinents  were  performed  with  a 
model  173  potentiostat/galvanostat  manufactured  by  the 
Princeton  Applied  Research  corporation.  The  potent iostat 
was  equipped  with  a  model  276  IEEE  488  interface  bus  and 
an  APPLE  II  personal  computer  for  data  acquisition.  A 
block  diagram  of  the  apparatus  is  presented  in  figure 
4.2. 


4.2.4  Specimen  Pretreatment 

To  remove  the  air-formed  oxide  film  and  to  activate 
the  surface  of  the  working  electrode,  cathodic 
pretreatments  were  performed.  The  Cr  specimens  were 
pretreated  in  the  cathodic  range  at  -930  mV  for  15  min 
and  the  Mo  and  the  steel  specimens  were  activated  at  - 
700  mV  for  15  min.  All  cathodic  pretreatment  were 
conducted  at  ambient  temperature  of  22 «C. 

4.2.5  MO,'  Stability  Studies 

After  air-formed  oxide  removal,  pure  Cr  samples 
were  polarized  in  O.IN  HCl  -t-  0.5M  NaNO,  at  various 
conditions  listed  in  table  4.2  in  order  to  determine  the 
stability  on  metal  surface. 
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4.2.€  Catbodie  Mitrata  Traataaat 

For  some  specimens,  nitrate  treatments  were 
performed  after  air-formed  oxide  removal  in  order  to  dope 
nitrogen  in  forms  of  nitride  onto  the  metal  siurface 
electrochemically.  A  cathodic  potential  (*930  mV  for  the 
Cr  and  -700  mV  for  the  Mo  and  the  stainless  steels)  was 
applied  to  the  working  electrode  with  charging  of  n750 
mC/cm^  in  a  deaerated  O.IM  HCl  +  0.5M  NaNO,  solution.  A 
modified  Greene  cell  was  used  for  this  experiment  and 
described  in  section  4.2.2.  For  the  further  polarization 
in  O.IM  HCl  after  this  treatment,  the  electrochemical 
cell  was  flushed  and  rinsed  twice  with  O.IM  HCl  to  remove 
soluble  reduction  products.  This  is  an  essential  step  in 
this  treatment. 

4.2.7  Fotentiodynamic  Polarisation 

After  the  cathodic  pretreatment  or  the  nitrate 
treatment,  potentiodynamic  polarization  was  performed  in 
a  deaerated  electrolyte  at  a  scan  rate  of  1  mV/ sec. 
Polarization  started  from  250  mV  below  the  ^en  circuit 
£otential  (OCP) .  However,  for  the  nitrate-treated 
samples,  polarization  started  from  the  OCP  to  avoid  any 
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loss  of  surface  nitride  from  the  netal  substrate  by  the 
anunonia/anmonium  fomation. 

4.2.8  Potentiostatio  Polarisation 

To  investigate  the  effect  of  each  alloying  element 
on  the  corrosion  behavior  with  electrochemical  and  the 
XPS  technique,  potentiostatic  polarizations  were 
performed  at  various  conditions,  which  are  listed  in 
table  4. 3-4. 4.  Polarization  was  conducted  by  stepping 
the  potential  from  the  OCP  to  a  potential  of  interest  for 
a  specific  time  and  monitoring  the  current  as  a  function 
of  time.  After  electrochemical  treatment,  the  specimens 
were  immediately  rinsed  with  deaerated  doubly  distilled 
water  and  transferred  to  the  spectrometer  under  an  Ar 
atmosphere . 

4.3  Surface  Analysis  by  Variable  An?!*  Z~ray 
Zhotoeleotron  fipectroseopy(VAZP8) 

4 . 3 . i  Instrumentation 

The  XPS  measurements  were  performed  using  a 
commercially  available  spectrometer  manufactured  by  V.G. 
Scientific  Ltd.,  ESCA  3  MKII,  controlled  by  a  V.G.  1000 
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data  system.  The  analytical  system  consists  of  a  dual 
Al/Mg  X-ray  source,  electron  /  gun,  ion  gim  and 
hemispherical  electron  analyzer.  The  dual  X-ray  source 
produces  either  A1  Ka^^2  (1486.6  eV,  0.85  eV  FWHN)  or  Mg 
KCf  2  (1253.6  eV,  0.70  eV  FWHM)  irradiation.  The  X-ray 
source  are  separated  from  the  analyzer  chamber  by  a  thin 
(2nm)  Be  window  which  screens  out  stray  electrons  and 
contamination.  The  ion' gun  used  for  surface  etching  was 
of  the  static  type,  producing  a  focusable  ion  beam  with 
a  maximum  accelerating  potential  of  10  KeV.  The  landing 
current  of  the  ion  beam  onto  the  sample  was  monitored 
with  a  micro-ammeter.  The  electron  analyzer  is  of  the 
electrostatic  hemispherical  type.  Figure  4.3  is  a 
schematic  of  the  system. 

4.3.2  Sample  Preparation  and  Transfer 

To  Investigate  the  passivation  behavior  for  the 
stainless  steels,  XPS  was  used  to  analyze  the  surfaces 
of  the  various  specimens  following  polarization  at 
various  conditions.  After  the  polarization,  the  specimen 
was  rinsed  Immediately  with  deaerated  doubly  distilled 
water  and  dried  with  an  Ar  jet.  The  entire  procedure  was 
performed  Inside  an  Ar  purged  glove  box  and  the  specimen 
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was  transferred  to  the  spectrometer  under  Ar  atmosphere. 

4.3.3  (derating  Conditions 

Since  the  Auger  peaks  of  Ni  generated  by  a  Mg  X- 
ray  source  (410  eV  for  393  eV  for  L2M45M^5) 

appeared  near  the  Nls  spectr\un  (binding  energy  :  s400 
eV) ,  the  Mg  Ka^  2  source  could  not  be  used  in  this 
study.  Only  an  A1  j  X-ray (1486. 6  eV)  source  at  400 
watts  (Anode  current«40  mA,  Anode  voltage=10  KV)  was 
utilized.  Measurements  were  performed  at  varying 
photoelectron  take-off  angles  to  observe  the  inner  and 
outer  layersT*  of  the  surface  film.  XPS  analysis  was 
implemented  by  taking  narrow  scans  (25  eV  width,  250 
channels)  at  a  20  eV  pass  energy.  The  analyzer  was 
operated  at  a  constant  analyzer  energy  (CAE)  mode.  Base 
pressures  during  analysis  were  about  1  x  10’^  torr .  As  a 
reference,  the  binding  energies  of  the  Au4f2/2 
Cu2p3y2  ptiotoelectrons  were  found  to  be  83.8  eV  and  932.5 
eV,  respectively.  By  taking  the  Cls  spectrum  from  the 
adventitious  carbon  at  284.6  eV,  all  binding  energies 
were  corrected  for  charge  shifting. 
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4.3.4  Data  Analysis 

The  major  merit  of  XPS  is  its  sensitivity  to 
variations  in  chemical  state.  An  homogeneous  chemical 
species  will  produce  a  well  defined  peak  in  the  XPS 
spectrum.  A  specific  element  will  very  often  be  present 
in  several  different  chemical  and/or  oxidation  states 
within  a  single  specimen.  The  binding  energy  shifts 
between  these  various  species  may  be  extremely  small 
(»0.1  eV) .  Curve  fitting  provides  a  method  by  which  to 
separate  out  the  Individual  chemical  species  from  a 
complex  spectra  containing  several  different  chemical 
states.  The  curve  fitting  program  allows  the  operator  to 
synthesize  peaks  by  specifying  the  peak's  position, 
height,  width  and  shape.  The  shape  parameters  included 
the  peak's  Gauss ian/Lorentzian  ratio  and  tail 
characteristics  such  as  height,  slope  and  exponential- 
to-llnear  tall  mix.  The  Ka',  KSj  and  Ka^  satellites  were 
automatically  Included  in  the  synthesis.  A  Shirley 
background  subtraction^’  (non-linear  background 
subtraction)  was  also  conducted  for  each  multlplet  in  the 
spectral  region  under  analysis.  Since  curve  fitting  may 
provide  several  possible  solutions  to  the  same  spectrum, 
variable  angle  XPS  data,  double  differentiation  and 
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neasurement  of  spin-orbit  splitting  were  employed  in 
order  to  determine  the  most  probable  and  accurate  fit. 
For  optimizing  the  fit,  a  non-linear  least  square 
algorithm  developed  by  Sherwood^^  was  utilized.  In  table 
4.5,  the  binding  energies  and  curve  fitting  parameters 
of  all  elements  analyzed  in  this  study  are  presented. 
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5.  RESULTS 

5.1  NO,'  Stability  on  tha  Siarfaoa  of  Motallio  Blootrodo 

5.1.1  EPS  Rnalysis  of  M(^*  Stability  on  Pura  Cr 

From  the  polarization  curve  of  pure  Cr  in  figure 

5.1,  five  potentials  were  chosen  for  the  experiments  in 
which  possible  NO,*  reduction  on  the  surface  of  a  Cr 
electrode  was  investigated,  -930  mV,  -700  mV,  0  mV,  950 
mV  and  1300  mV  corresponding  respectively  to  cathodic, 
active,  passive,  passive-transpassive  transient  and 
transpassive  regions.  Figure  5.2  shows  the  Nls  spectra 
for  pure  Cr  samples  treated  as  the  conditions  of  table 

4.2.  According  to  the  binding  energies  in  table  4.5,  four 

types  of  N  compounds  were  consistently  found  throughout 
the  experiments.  These  compounds  corresponded  to  (1) 
nitride,  (2)  NH,,  (3)  and  (4)  NO,'.  Based  upon  the 

peak  area  ratios  at  20*  and  50*  take-off  angles,  nitride 
was  observed  to  be  at  the  oxide-metal  interface.  Nls  peak 
at  399.9  eV  corresponds  to  NH,.  Two  species  that  may 
exhibit  such  a  binding  energy  are  NH,  and  NO.  According 
to  Pourbalx  diagram, the  electrochemical  formation  of 
NO  would  be  thermodynamically  unfavorable.  The  binding 
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energy  of  Nls  photoelectron  of  NH^  ligands  coordinated 
with  Cr^^,  as  [Cr (III)  (NH,), 0112]^^  (399.8  eV  In  table  4.5), 
agrees  well  with  the  observed  binding  energy  (399.9  eV) , 
lending  further  support  to  the  probability  that  this 
species  Is  a  complex  of  NH3  rather  than  NO.  Reduced 
species,  MH3  and  NH^^,  were  found  regardless  of  applied 
potentials,  even  though  they  were  not  thermodynamically 
predicted  In  the  anodic  region.  Nitride  was  formed  under 
conditions  (cathodic,  active  and  transpassive)  leading 
to  the  direct  exposure  of  metal  surface  to  the 
electrolyte.  It  was  apparently  prevented  from  forming  In 
passive  state  (0  mV  and  950  mV)  due  to  the  existence  of 
a  barrier  film.  To  confirm  the  hypothesis  that  a  direct 
contact  of  metal  surface  to  NO3*  Ions  was  the  principle 
mechanism  of  the  nitride  formation,  another  experiment 
was  conducted.  After  being  polarized  at  0  mV  for  30  min 
In  O.IN  HCl,  the  Cr  sample  was  further  polarized  at  0  mV 
for  30  min  In  O.IM  HCl  -i-  0.5M  NaN03.  In  order  to 
temporarily  remove  the  barrier  film,  sample  surface  was 
scratched  several  times  during  polarization  In  a  Cl'/NOj' 
containing  solution.  XPS  analysis  which  Is  presented  In 
figure  5.3  reveals  the  evidence  for  the  formation  of  a 
surface  nitride.  Therefore,  It  Is  concluded  that  NO3* 
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reduction  on  pure  Cr  was  found  regardless  of  applied 
potentials  and  that  the  surface  nitride  fomation  was 
observed  only  under  conditions  leading  to  the  direct 
contact  of  netal  surface  to  NO3*  ions.  This  is  consistent 
with  the  conclusion  that  nitrogen  alloyed  with  stainless 
does  not  function  by  oxidation  to  NO3'  or  NOj,'. 
Furthermore,  NO3'  reduction  is  a  suitable  technique  by 
which  N-alloying  may  b^  simulated  for  the  purpose  of  our 
enquiries. 

5.1.2  The  Effect  of  Nitrogen  on  Pure  Cr 

Figure  5.1  shows  a  typical  polarization  curve  for 
pure  Cr  in  O.IM  HCl  at  room  temperature  utilizing  a 
potential  scan  rate  of  1  mV/ sec.  The  salient  electro** 
chemical  characteristics  are  presented  in  table  5.1. 
Polarization  for  the  nitrate-treated  Cr  sample  was 
started  from  fipen  Circuit  potential  (OCP)  to  avoid  any 
loss  of  surface  nitrogen  from  the  metal  surface  by 
ammonium  formation.  It  was  observed  that  the  active 
corrosion  of  Cr  was  suppressed  completely  following 
nitrate-treatment.  This  observation  Included  a  sizable 
positive  shift  in  OCP.  The  passive  current  density  for 
nitrate-treated  Cr  was,  however,  slightly  increased. 
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5.1.3  ZP8  A&«lysls  of  MO,'  Bffoot  OB  Stainlosa  Stool 

Figure  5.4  shows  Nls  and  Mo3p  spectra  for  the 
stainless  steels  after  nitrate  reduction  treatment  at 
-700  mV(cathodic  region)  in  O.IN  HCl  +  0.5M  NaNOj  with 
»750  mC/cm^.  Since  the  binding  energies  of  Mo3p 
photoelectrons  of  various  Mo  species  are  very  close  to 
those  of  Nls  photoelectrons,  Mo3p  spectra  need  to  be 
cross-checked  with  Mo3d  spectra  for  the  accurate 
identification  of  nitrogen  compounds.  In  this  figure,  it 
is  apparently  observed  that,  on  the  surface  of  the 
stainless  steels,  NO3*  was  reduced  to  nitride  and  NH,  as 
on  pure  Cr.  According  to  the  polarization  curves  of  18- 
8(304)  stainless  steel  (Figure  5.20),  this  nitride  also 
improved  the  passivity.  The  role  of  surface  nitride 
reduced  electrochemically  from  NO3*  ions  on  corrosion  is 
as  same  as  that  of  segregated  nitride  from  alloying  N. 
This  phenomenon  will  be  discussed  later  in  the  next 
chapter . 
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5.2  Ths  syncrgistio  Effect  of  Mitrogon  on  tho  Corrosion 
of  Mo  Bosring  Stainloas  Stool 

5.2.1  Bloctroobonioal  Analysis 

Potentlodynanlc  polarization  curves  obtained  for 
three  high  Ni  stainless  steels(Fe20Cr20Nl,  Fe20Cr20Ni6Ho, 
Fe20Cr20Ni6Mo0.2N)  in  deaerated  O.IM  HCl  +  0.4M  NaCl  at 
room  temperature  are  presented  in  figure  5.5.  Their 
salient  electrochemical  characteristics  are  listed  in 
table  5.2.  It  was  observed  that,  with  the  addition  of  6 
wt%Mo,  the  critical  current  density  decreased  from  80.4 
uA/cm^  to  30.3  uA/cm^  and  that,  with  further  addition  of 
0.2  wt%N,  the  active  dissolution  was  completely 
suppressed.  This  complete  suppression  of  the  active 
dissolution  indicated  the  presence  of  some  types  of  Mo- 
N  synergism.  Since  6  wt%Mo  addition  already  seems  to  be 
sufficient  to  eliminate  pitting  completely,  the  N 
addition  could  not  further  improve  pitting  resistance. 
However  we  have  noted  that  the  OCP  of  Mo  alloys  were 
slightly  higher  than  that  of  the  Fe20Cr20Ni  alloy,  and 
that  this  result  is  consistent  with  the  fact  that  Mo  is 
more  noble  than  Fe.  The  passive  current  densities 
recorded  for  all  three  alloys  were  about  the  same. 
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S.2.2  ZP8  Analysis 

Narrow  scan  spectra  of  Cr2p,  Mo3d,  Fe2p,  Ni2p,  01s, 
Nls  and  Cl2p  were  analyzed  for  three  high  Ni  alloys 
following  passivation  treatment  at  -lOOmV  for  10  min  in 
a  deaerated  O.IM  HCl  -f  0.4M  NaCl  solution  at  room 
temperature.  By  considering  the  peak  area  ratios  of  the 
species  for  20*  and  50”  photoelectron  take-off  angles 
measured  with  respect  to  the  plane  of  sample,  it  is 
possible  to  provide  an  approximate  description  of  the 
compositional  variations  throughout  the  passive  film.  The 
20*  take-off  angle  provides  the  more  surface  sensitive 
spectra.  XPS  spectra  of  the  Cr,  Mo,  Fe,  Ni  and  N  are 
presented  in  figure  5.6-5.10.  By  comparing  XPS  spectra 
of  the  metallic  elements  in  the  passive  films  of 
stainless  steels,  it  was  concluded  that  Cr  compounds  made 
up  the  bulk  of  the  passive  film  (>  60  at%) .  Figure  5.6 
shows  the  Cr2p  XPS  spectra  for  the  three  high  alloys. 
Five  components  were  commonly  found  in  the  spectra-Cr^, 
CrjOj,  Cr(0H)3,  and  minor  peaks  of  CrO^'^  and  CrOj.  Based 
upon  the  peak  ratios  of  photoelectron  take-off  angles, 
the  inner  layer  of  the  passive  film  was  composed 
primarily  of  CrjOj  and  the  outer  layer  was  composed  of 
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Cr(0H)3*  Mo3d  XPS  spectra  for  Mo  bearing  alloys  are 
presented  in  figure  5.7.  In  this  figure.  It  Is  observed 
that  MoOj,  Mo*^^  (possibly  an  oxide  compound)  and  MoOj 
appeared  to  reside  In  the  Inner  Cr203  layer  and  that 
MoO^'^  compounds  were  Incorporated  Into  the  outer  Cr(0H)3 
layer.  The  Nls  and  Mo3p  XPS  spectra  of  the  passive  films 
for  the  Fe20Cr20Nl6Mo  and  the  Fe20Cr20Nl6Mo0.2N  alloys 
are  presented  In  figure  5.8.  For  both  alloys,  two 
distinct  peaks  at  397.2  and  399.9  eV  were  observed,  due 
to  alloying  N  segregation  on  the  surface  during  the 
polarization.  The  Nls  binding  energy  value  of  397.2  eV 
is  0.2  eV  higher  than  that  of  CrN  (397.0  eV) ,  and  0.2  eV 
lower  than  NlN  (397.4  eV) .  M.  Romand  and  M.  Roubin^^ 
reported  that,  while  CrN  has  the  binding  value  of  396.8 
eV  and  VN  has  the  binding  value  of  397.2  eV,  the  binding 
energy  of  a  mixed  nitride  of  Cr  and  V  is  397.0  eV  or 
397.1  eV.  Therefore  nitride  of  this  study  Is  a  mixed 
nitride  of  Cr  and  Ni.  The  Nls  peak  at  399.9  eV  is  NH3  as 
described  In  section  5.1.2.  The  binding  energy  of  the  NH3 
ligands  coordinated  with  Cr^^,  as  [Cr(III)  (NH3)50H2)‘*^ 
(399.8  eV  in  table  4.5),  was  agreed  well  with  the 
observed  binding  energy  (399.9  eV)  of  the  surface  nitride 
on  the  18-8  stainless  steels  lending  further  support  to 
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the  conclusion  that  this  species  is  a  complex  of  NMj 
rather  than  NO.  The  concentrations  of  these  N  species 
differ  greatly  between  the  two  alloys  and  depend  on  the 
concentration  of  alloying  N.  Based  upon  the  peak  ratios 
of  the  spectra  for  take-off  angles.  Nitride  and  NH3  were 
situated  near  the  passive  film-substrate  interface  and 
in  the  passive  film  respectively.  In  the  passive  film, 
Fe^^  and  Fe^^  species  were  observed  (figure  5.9)  and  only 
a  very  little  amount  of  Ni^^  species  was  found  (figure 
5.10).  Also  very  little  amount  of  chlorine  was  observed 
in  the  passive  film.  Summarizing  the  above  results,  we 
have  constructed  the  schematics  of  the  passive  film  for 
Fe20Cr20Ni6Mo  and  Fe20Cr20Ni6Mo0.2N  alloys  which  are 
presented  in  figure  5.11.  We  note  that  the  structures  of 
the  passive  films  are  consistent  with  the  bipolar  model 
of  passivity  of  austenitic  stainless  steel. 
Molybdate  (MoO^'^)  anions  has  been  previously  reported  to 
serve  as  a  cation-selective  species,  enhancing  the 
bipolarity  and  thereby  increasing  the  deprotonation  of 
the  passive  film.*'*’’'”'*^^  This  selectivity  is  responsible 
for  the  densif  ication  of  the  passive  film  and  the 
resistance  of  the  film  to  ingressing  anionic  species. 
From  figure  5.7  and  5.8,  the  concentration  of  Mo04*^  for 
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the  Fe20Cr20Ni6M0.2N  alloy  was  observed  higher  than  that 
for  the  Fe20Cr20Ni6Mo  alloy.  The  increaent  of  the  MoO^*^ 
concentration  is  in  a  good  agreement  with  the  results  of 
MOjN  polarization  at  600  mV,  which  will  be  presented  in 
the  next  section  5.3,  and  shows  an  additional  evidence 
of  No-N  synergism  in  the  corrosion  of  stainless  steel. 

Using  the  equation  3.10  and  3.11,  the  thickness  of 
the  passive  film  w^s  calculated  based  on  three 
assumptions:  (1)  the  passive  film  is  composed  of  a  Cr203 
inner  layer  and  a  Cr(OH)3  outer  layer,  (2)  the  density 
and  the  attenuation  length  of  the  Cr2p3^2  P^otoelectrons 
of  Cr(0H)3  are  the  same  as  those  of  Cr203  and  (3)  the  Fe 
ions  are  located  in  the  inner  Cr203  layer.  The 
attenuation  lengths  used  in  this  calculation  are  13  A  for 
metallic  Cr  and  16  A  for  Cr203.  Relative  sensitivities 
factors  are  listed  in  table  5.3.  While  the  oxide  layer 
thickness  is  almost  the  same  (d^^s  10.65  A)  for  all  three 
alloys,  the  hydroxide  layer  thickness  differed  depending 
on  the  Mo  component  (dg^*  4.92  A  for  Fe20Cr20Ni  alloy  and 
dg^B  2.61  A  for  two  Mo  alloys).  This  is  consistent  with 
deprotonation  due  to  the  presence  of  the  cation  selective 
molybdate  species  in  the  passive  films  of  two  Mo  bearing 
alloys.  From  01s  spectra,  the  area  ratio  of  OH*  spectrum 
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to  O*^  spectrum  for  the  Fe20Cr20Ni  alloy  also  appears 
higher  than  that  for  the  Mo  bearing  alloys. 

The  metal  composition  underneath  the  passive  film 

of  the  three  alloys  studied  are  presented  in  figure  5.12. 

For  the  Fe20Cr20Nl  alloy,  the  metallic  Ml  composition 

changed  little  only  19.0  to  19.5  at%  following 

passivation,  while  the  metallic  Cr  was  enriched  from  20.4 

to  29.2  at%.  This  result  is  not  consistent  with  the 

enrichment  of  Cr  and  Ni  for  the  18>8  alloys  presented  in 

section  5.4.  However,  it  was  observed  that  the  atomic 

percentage  ratio  of  Ni  to  Cr  were  virtually  equal 

(«0.6S).  The  Fe20Cr20Ni6Mo  alloy  exhibited  the  metallic 
* 

enrichment  of  21.6  to  23.9  at%  for  Cr,  19.4  to  27.4  at% 
for  Ni  and  3.5  to  6.1  at%  for  Mo.  With  0.2  wt%N  addition 
to  Fe20Cr20Ni6Mo  alloy,  it  was  observed  that  Ni  and  Mo 
were  more  highly  enriched  (from  19.4  to  30.1  at%  for  Ni 
and  from  3.6  to  7.0  at%  for  Mo)  and  that  Cr  was  less 
enriched  (from  21.9  to  22.0  at%)  compared  to  the  results 
of  Fe20Cr20Ni6Mo  alloy.  The  role  of  Ni  on  the  corrosion 
behavior  of  these  stainless  steel  will  be  discussed  in 
the  next  chapter  using  the  metallic  enrichment  data 
beneath  the  passive  film. 
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5.3  Passivation  Bshavior  of  Mo 

5.3.1  Blsetroohanioal  Analysis 

Figure  5.13  shows  potent lodynanic  polarization 
curves  for  pure  Mo,  nitrate-treated  and  nitrided  Mo  in 
O.IM  HCl  at  room  temperature  utilizing  a  potential  scan 
rate  of  1  mV/sec.  The  nitrided  Mo  was  identified  as  M02N 
using  X-ray  diffract ion. Polarization  for  the  nitrate- 
treated  samples  started  from  OCP  to  avoid  any  loss  of 
surface  N  from  the  metal  surface  by  ammonium  formation. 
The  salient  electrochemical  characteristics  are  presented 
in  table  5.1.  For  OCP  and  transpassive  potentials,  a 
slight  increment  for  the  nitrate-treated  Mo  was  observed 
and  a  large  increment  for  the  MO2N  were  measured.  Since 
Mo  is  very  noble  element,  a  small  amount  of  surface 
nitride  can  be  formed  by  nitrate-treatment.  The 
concentration  of  surface  nitrogen  by  nitrate-treatment 
is  much  less  than  by  thermal  nitriding.  This 
concentration  of  the  surface  N  affects  the  amount  of  the 
increment  for  OCP  and  transpassive  potentials.  While  no 
pitting  was  observed  on  pure  Mo  and  nitrate-treated  Mo, 
some  pitting  was  observed  on  the  M02N  specimen.  These 
pits  occurred  above  300  mV,  which  was  the  transpassive 
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region  for  pure  Mo  and  nitrate  treated  Mo,  and 
corresponded  to  glitches  in  the  polarization  curve  in 
figure  5.13.  Therefore,  a  further  increment  of  the 
corrosion  resistance  of  Mo  is  possible,  if  the  weak 
points  for  pitting  initiation  can  be  eliminated.  It  can 
be  concluded  that  the  surface  N  improved  the  passivity 
of  pure  Mo  in  O.IM  HCl.  In  order  to  investigate  the 
influence  of  N  on  the  passivity  of  pure  Mo,  the  anodic 
film  was  analyzed  by  XPS  after  potentiostatic 
polarization.  Polarization  conditions  were  listed  in 
table  4.3.  During  potentiostatic  polarization  at  50  mV, 
the  passive  current  density  of  pure  Mo  after  30  min  in 
O.IM  HCl  was  stabilized  around  2.4  and  that  r 

nitrate-treated  Mo  was  also  stabilized  around  0.9  nk/cra^. 
These  values  agree  well  with  the  passive  current 
densities  of  potent iodynamic  polarizations  and  show  that 
the  role  of  the  surface  N  on  pure  Mo  is  different  from 
on  pure  Cr.  This  will  be  discussed  in  next  chapter. 

5.3.2  ZP8  Analysis  of  Anodic  Films 

The  Cl2p  photoelectron  signal  was  found  in  all 
cases  to  be  very  weak.  This  indicates  that  the  chloride 
or  chlorine  containing  complex  is  not  a  major  surface 
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species  and  is  therefore  not  considered  further  in  this 
research.  Figure  5.14'*5.16  are  a  comparison  of  the  XPS 
spectra  obtained  from  pure  Mo  and  nitrate-treated  Mo 
polarized  for  1  hour  at  SO  mV  in  O.IM  HCl.  The  XPS 
spectra  indicate  that  the  passive  film  is  comprised  of 
a  mixture  of  Mo^  and  Mo^^.  According  to  a  comparison  of 
the  spectra  for  two  take-off  angles,  5*  and  20®,  the  Mo** 
was  found  much  closer  to  the  metal  substrate  than  Mo*^. 
For  the  nitrate-treated  Mo,  a  small  amount  of  surface 
nitride  and  NH3  was  observed.  These  N  species  were 
electrochemically  reduced  from  NOj*  ions  with  the  same 
mechanism  as  pure  Cr.  The  passive  film  formed  on  the 
nitrate-treated  Mo  is  thicker  than  that  on  pure  Mo.  The 
XPS  data  in  figure  5.17-5.19  are  Mo3d,  Mo3p,  Nls  and  01s 
spectra  obtained  from  the  anodic  films  formed  at  250  mV 
for  1  hour  and  at  600  mV  for  3  min  in  a  deaerated  O.IN 
HCl.  It  shows  that  the  main  doublet  at  228.1  and  231.3 
eV  is  contributed  from  the  MO2N  substrate  and  the  passive 
film  is  comprised  of  two  surface  species  corresponding 
to  the  binding  energy  values  of  229.1  and  230.8  eV 
respectively.  The  peak  at  229.1  eV  is  corresponding  to 
Mo**  and  the  peak  at  230.8  eV  is  contributed  from  Mo*®. 
For  the  Mo3d  spectra  of  M02N  polarized  at  600  mV  for  3 
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minutes,  the  surface  is  covered  with  Ko**  and  Mo^^.  Only 
a  small  amount  of  MoO^*^  is  observed  on  the  surface.  The 
chemical  species  observed  on  the  M02N  are  much  different 
from  that  obtained  from  the  pure  Mo  electrochemically 
treated  at  the  same  condition.  According  to  the  previous 
work,^^  pure  molybdenum  polarized  at  250  mV 
(transpassive)  is  covered  with  thick  brown  transpassive 
product  which  is  a  mixture  of  Mo^^,  Mo*^,  Mo^^  and  M0O3 
oxides.  And  the  surface  species  on  pure  molybdenum 
polarized  at  600  mV  is  mainly  M0O3.  This  means  that  the 
nitride  completely  stopped  the  formation  of  M0O3  at  600mV 
(transpassive  potential) .  Figure  5.18  shows  the  N  species 
observed  on  the  anodic  film  formed  on  M02N  at  250  mV  and 
600  mV.  Peak  4  is  the  Nls  spectrum  contributed  from  the 
nitrogen  of  M02N.  The  peak  at  400.0  eV  corresponds  to  the 
NHj.  This  peak  is  stronger  in  the  5*  take-off  angle  than 
in  50®.  By  a  comparison  of  the  5®  spectra  in  figure  5.18, 
it  is  clear  that  there  is  more  NH,  in  the  film  polarized 
at  250  mV  than  at  600  mV.  This  implies  that  the  NH3 
ligand  is  located  on  the  surface  and  increases  the  local 
pH  at  the  electrolyte-electrode  interface.  Increased 
local  pH  favors  the  formation  of  MoO^'^  instead  of  M0O3 
which  is  the  main  species  observed  on  the  surface  of  pure 


53 


Mo.  This  also,  agrees  with  the  Pourbaix  diagram, which 
indicates  that,  when  the  pH  shifts  to  high  values,  the 
formation  of  MoO^'*  is  preferred. 

5.4  The  Effect  of  Nitrogen  on  the  Corrosion  of  18-8 
Stainless  Steel 

5.4.1  Eleotroohemieal  ^alysis 

The  potent iodynamic  polarization  behavior  of  the 
18-8  stainless  steels  in  O.IM  HCl  at  room  temperature  are 
presented  in  figure  5.20.  The  salient  electrochemical 
characteristics  are  listed  in  table  5.5.  The  0.04  wt%  N 
alloy  has  the  highest  values  of  critical  current  density 
and  passivation  current  density  and  the  lowest  values  of 
OCP  and  pitting  potential.  These  results  provide  evidence 
of  the  beneficial  influence  of  N  in  the  corrosion  of  18- 
8  stainless  steel.  Even  though  the  critical  current 
density  of  N-doped  0.04  wt%N  alloy  was  lower  than  that 
of  0.24  wt%N  steel,  the  passivation  current  density  was 
higher  and  the  pitting  potential  was  significantly  lower 
compared  to  those  values  of  0.24  wt%N  alloy. 

Figure  5.21  and  5.22  show  the  current  density 
curves  as  a  function  of  passivation  time  for  pure  Cr  and 
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IS'S  stainless  steels  during  the  potentiostatic 
polarization  at  >180  nV  in  O.IM  HCl.  The  passivation 
current  density  of  N<-doped  Cr  is  greater  than  that  of 
pure  Cr,  while  the  passivation  current  density  of  0.04 
wt%N  18>8  alloy  is  greater  than  that  of  0.24  wt%N  18-8 
steel.  These  results  agree  well  with  the  data  of  the 
potentiodynanic  polarization  behavior,  in  which  surface 
M  lessens  the  passivation  and  critical  current  density. 

From  the  above  electrochemical  results,  it  can  be 
concluded  that  the  surface  N  affects  the  OCP,  the 
critical  current  density,  the  passivation  current  density 
and  the  pitting  potential  in  the  anodic  polarization 
behavior.  The  surface  N  on  the  18-8  alloy  makes  the 
surface  more  passive,  while  the  surface  N  on  the  pure  Cr 
makes  the  surface  more  active.  This  difference  will  be 
discussed  in  the  next  chapter  using  XPS  data. 

5.4.2  ZFS  Analysis  of  Passive  Film 

Narrow  scan  spectra  of  Fe2p,  Cr2p,  Ni2p,  01s,  Nls 
and  C12p  were  analyzed  for  each  experiment.  Analyzing 
Cr2p3^2  spectra  (figure  5.23),  five  components  were 
commonly  found  in  this  study  corresponding  to  (1) 
metallic  Cr  from  the  substrate,  (2)  Cr^^  corresponding 
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to  CrjOj#  (3)  Cr*^  corresponding  to  Cr(OH)j,  (4)  Cr"^ 
corresponding  to  CrO^,  (5)  Cr'*^  corresponding  to  CrO/^. 
Based  upon  the  peak  ratios  of  20**  and  50"  t^Uc•-off 
angles,  the  passive  film  was  composed  of  the  inner  Cr^ 
layer  and  the  outer  CrCOH),  layer.  CrO^  and  Cro^*^  species 
were  located  in  outer  hydroxide  layer.  This  is  the  basic 
structure  of  the  passive  film  of  the  austenitic  stainless 
steel  and  agrees  well  with  the  bipolar  model  of  the 
passive  f ilm.'*’*’**®'**’ 

From  Fe  2p3^2  spectra  (figure  5.24),  three 
components  were  found  in  each  case  corresponding  to  (1) 
metallic  Fe  from  the  substrate,  (2)  Fe*^  and  (3)  Fe**  ions 
in  the  passive  film.  Table  5.6  shows  Fe  ion  peak 
intensity  ratios  of  the  values  of  50**  take-off  angle 
spectra  and  20**  take-off  angle  spectra  for  various 
samples.  The  intensity  ratios  for  the  Fe*^  peak  and  the 
Fe**  peak  normalized  with  the  Cr203  and  CrCOH),  are 
virtually  same.  Therefore,  it  can  be  concluded  that  Fe*^ 
and  Fe**  were  distributed  throughout  the  passive  film. 
As  to  the  Ni2p  spectra  (Figure  5.25),  only  metallic  Ni 
from  the  substrate  was  observed.  From  figure  5.26,  two 
distinct  N  peaks  at  397.2  eV  corresponding  to  nitride 
and  at  399.9  eV  corresponding  to  NHj  were  observed  due 
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to  the  segregation  of  the  alloying  N  during  polarization 
in  a  Cl*  containing  solution.  Comparing  the  XPS  spectra 
of  20*’  and  50”  photoelectron  take-off  angles,  it  was 
observed  that  NH3  and  Cl*  existed  in  the  outer  CrCOH)^ 
layer,  nitride  was  near  the  oxide-substrate  interface. 
The  passive  film  structure  of  18-8  stainless  steel  is 
presented  in  figure  5.27. 

The  calculation  of  the  thickness  of  the  passive 
films  were  conducted  using  equations  3.10  and  3.11  based 
on  the  same  assumptions  described  in  the  section  5.2.2. 
In  table  5.6,  Thicknesses  of  the  passive  films  are 
listed.  The  thicknesses  of  the  outer  hydroxide  layers 
(dQ„)  are  constant  4.11  A  (approximately  l  monolayer)  for 
all  samples.  This  thickness  of  the  hydroxide  layer  is  in 
good  agreement  with  other's  results.^’  The  thicknesses 
of  the  inner  oxide  layers  are  constant  11.17  A  for  the 
0.04  wt%N  alloys  and  9.34  A  for  the  0.24  wt%N  alloys. 
These  results  are  very  close  to  the  values  of  the  passive 
film  of  the  pure  Cr  polarized  at  same  potential  in  O.lM 
HCl  (dg^  «  8  A  and  dg^  -  3  A) .  Therefore,  it  is  concluded 
that  the  thicknesses  of  the  passive  films  are  only 
dependent  on  the  applied  potential. 

Since  NH3  was  distributed  in  the  outer  hydroxide 
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layer  and  the  thickness  of  this  layer  was  constant  (table 
5.7),  the  NH3  peaks  were  normalized  by  Cr(0H)3  peak  to 
calculate  their  relative  concentrations.  Figure  5.28 
shows  the  relation  between  the  concentrations  of  total 
Fe  ions  and  NH3.  As  the  NH3  concentration  in  the  passive 
film  Increases,  the  concentration  of  total  Fe  ions 
decreases.  The  NH3  ligands  in  the  passive  film  enhance 
the  selective  dissolution  of  the  Fe  ions  in  the  passive 
film  and  make  more  Cr-enriched  passive  film.  This  Cr- 
enriched  passive  film  protects  the  attack  of  the 
aggressive  Cl*  ion  and  reduces  the  passive  current 
density.  However,  in  the  case  of  Cr,  the  role  of  the  NH3 
ligands  in  the  passive  film  appears  different.  According 
to  figure  5.21,  the  passivation  current  density  of  N-dope 
Cr  is  higher  than  that  of  non-treated  Cr.  This  means  that 
N  on  the  surface  makes  the  surface  of  pure  Cr  more  active 
and  enhance  the  Cr  dissolution  from  the  substrate. 

From  the  XPS  spectra  metallic  Cr  and  Ni  enrichment 
underneath  the  passive  film  was  observed.  The 
concentrations  of  metallic  Cr  and  Ni  are  21*-26  at%  (bulk 
concentration  »  20%)  and  14-16  at%  (bulk  concentration 
=  8.0  at%)  respectively.  The  atomic  percentage  ratio  of 
Ni  and  Cr  is  the  same (nO. 65)  as  that  of  Fe20Cr20Ni  alloy 
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in  the  section  5.2.2.  In  the  next  chapter,  the  chemistry 
of  the  enrichment  of  Mi  by  forming  intermetallic  compound 
with  Cr  and  Mo  in  the  corrosion  of  the  austenitic 
stainless  steels  will  be  discussed  in  detail. 

5.4.3  Incubation  Time  Measurement 

Figure  5.22  indicates  that,  when  NaCl  was  added  to 
O.lM  HCl  to  the  final  concentration  of  O.IM  HCl  +  0.75M 
NaCl,  following  film  formation  in  O.IM  HCl  solution  for 
1  hour,  the  anodic  current  noise  increased  indicating  the 
process  of  continuous  breakdown  and  repair  of  the  passive 
film.  During  the  polarization  of  the  18-8  stainless  steel 
in  O.IM  HCl  at  -180  mV,  alloyed  N  changed  to  nitride  and 
NHj.  From  figure  5.28,  the  NH3  in  the  passive  enhanced 
the  selective  dissolution  of  the  Fe  ions.  After  the 
polarization  at  -180  mV  for  1  hour  in  O.IM  HCl,  the  NH, 
concentration  of  the  0.24  wt%N  alloy  was  higher  than  that 
of  the  0.04  wt%N  alloy,  i.e  the  0.24  wt%N  alloy  had  more 
Cr-enriched  film  than  0.04  wt%N  alloy.  Further 
polarization  at  same  potential  in  a  O.IM  HCl  0.75M  NaCl 
solution  was  conducted.  Increased  Cl'  concentration  could 
dissolve  the  Fe  ions  in  the  passive  film  more 
aggressively  and  thereby  induced  pitting  of  the  passive 
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film.  Therefore,  for  the  0.04  vt%N  alloy,  the  passive 
film  broke  down  after  42  min,  while  the  0.24  wt%N  alloy 
still  remained  passive.  This  result  indicates  that  the 
NHj  ligand  appears  to  modify  the  passive  film,  providing 
an  increased  resistance  to  Cl*  induced  pitting.  Figure 
5.29  shows  the  Nls  spectra  for  the  IS-S  alloys  polarized 
at  *>180  mV  for  1  hour  in  O.lM  HCl  following  further 
polarization  at  same  potential  for  30  min  in  O.lM  HCl  + 
0.75M  NaCl.  In  this  figure,  NHj  was  observed  for  both 
alloys.  The  NHj  concentration  for  C.24  wt%N  alloy  is 
found  to  be  higher  than  0.04  wt%N  alloy.  This  result  also 
shows  that  NHj  is  related  to  preventing  pitting 
initiation.  This  pitting  mechanism  will  be  discussed 
based  on  the  interpretation  of  the  XPS  results. 
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6.  DISCUSSION 

6.1  Thtt  Stability  Of  NO,'  on  Natal  Surfaea 

6.1.1  Tba  Propoaad  Modal  of  N(^'  Raduotion  on  Natal 

Elaetroda 

Figure  5.2  shows  the  Nls  spectra  for  pure  Cr 
samples  treated  as  the  conditions  of  table  4.2.  Four 
types  of  H  species  were  commonly  found  in  these 
experiments  corresponding  to  (l)  nitride,  (2)  NH,,  (3) 
and  (4)  NO,*.  Based  upon  the  peak  ratios  of  20*’  and 
SO**  take-off  angles,  nitride  was  observed  to  be  at  the 
oxide-metal  interface.  Among  the  reduction  products,  NH, 
and  NH^^  were  found  regardless  of  the  applied  potentials, 
even  though  these  products  were  not  thermodynamically 
predicted  in  the  anodic  region.  However,  nitride  was 
formed  under  the  conditions  (cathodic,  active  and 
transpassive)  leading  to  the  direct  exposure  of  a  metal 
surface  to  the  electrolyte,  but  it  was  apparently 
prevented  from  forming  in  the  passive  state  (0  mV  and  950 
mV)  due  to  the  existence  of  a  barrier  film.  To  confirm 
the  hypothesis  that  the  direct  contact  of  the  metal 
surface  to  the  NO,'  ions  was  the  key  factor  in  the 
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electrochemical  formation  of  the  surface  nitride,  an 
additional  experiment  was  conducted  (condition  6  in  the 
table  4.2).  The  sample  surface  was  scratched  several 
times  in  order  to  temporarily  remove  the  barrier  film 
during  polarization  in  O.IM  HCl  +  0.5M  NaNO^,  following 
which  XPS  analysis  revealed  evidence  of  a  surface  nitride 
(figure  5.3).  Therefore,  it  is  concluded  that  the 
electrochemical  reduction  of  the  NO3*  on  the  surface  of 
pure  Cr  was  found  regardless  of  the  applied  potentials 
and  that  the  surface  nitride  was  observed  only  under  the 
conditions  leading  to  the  direct  contact  of  the  metal 
surface  to  the  NO3*  ions.  This  observation  has 
considerable  implications  to  our  understanding  of  how 
NO3*  species  improve  pitting  resistance. 

Galvele^^  suggested  the  £roton  Consuming  £eaction 
(PCR)  for  explaining  the  role  of  NO3'  in  increasing  the 
pitting  resistance. 

N03‘  +  lOH*  +  8e*  =  SHjO  +  NH^* 

This  is  possible  reaction  for  the  reduction  of  NO3’  on 
metal  surface  in  the  solution.  At  cathodic  potential 
(figure  6.1(a)),  even  though  NO3'  ions  were  repelled  from 
the  interface,  it  was  possible  that  NO3*  ions  could  be 
adsorbed  on  the  metal  interface  by  the  direct  contact 
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adsorption.  The  ions  and  the  electrons  were 

attracted  towards  this  interface  by  the  electric  field. 
By  the  PCR  model,  adsorbed  MO,'  ions  were  reduced  to  N'^ 
(in  the  forms  of  nitride  and  NHj/NH^^)  in  agreement  with 
our  observation  via  the  partially  reduced  form  NOj*. 
However,  at  high  anodic  potential  (figure  6.1(b}),  the 
NO3'  ions  were  attracted  to  the  interface,  while  the 
ions  were  repelled  from  the  interface.  Therefore  PCR 
model  could  not  be  applied. 

We  proposed  a  model  for  NO,'  reduction  at  high 
anodic  potential.  As  presented  in  figure  6.2,  six 
electrons  which  participate  in  N**0  bonds  are  in  the 
delocalized,  extended  rr-bonds.^^  When  a  high  anodic 
potential  is  applied  to  the  metal  electrode,  the  NO3' 
ions  are  attracted  towards  to  the  interface  due  to  the 
electric  field.  At  close  proximity,  the  O-atom  is 
attracted  and  the  N-atom  is  repelled,  because  the 
electrons  in  the  extended  nr-bonds  are  easily  shifted  by 
the  applied  electric  field.  A  repulsive  force  between  the 
N-atom  and  the  0-atom  is  developed,  which  stretches  and 
breaks  the  surface  N-0  bond  yielding  the  N02‘  ion  (figure 
6. 3 (a)).  The  force  developed  (figure  6.3(b)}  due  to  the 
electric  field  increases  the  bond  angle  between  two  N-0 
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bonds  and  eventually  breaks  them.  An  Intermediate  surface 
nitride  is  formed  (figure  6.3(c)).  Further  reactions 
occur  and  the  nitride  is  protonated  to  NH3  as  follows: 

2MN  -t-  3H2O  ■>  M2O3  -t-  2NH3  (as  a  form  of  ligand) 
where  M  is  a  metallic  element. 

6.1.2  Stable  Phase  of  Nitrogen  on  Metal  Surface 

According  to  the  Pourbaix  diagram,  UOj'  which  is  a 
well  known  corrosion  inhibitor  is  the  stable  phase  of  N 
at  high  anodic  potentials.  Therefore,  it  is  considered 
that  N  in  an  alloy  is  oxidized  to  NO3*  at  high  anodic 
potential  and  this  N03',  as  a  corrosion  inhibitor, 
prevents  pitting  initiation.  However,  in  this  study,  an 
apparent  formation  of  surface  nitride  reduced  from  N03‘ 
was  observed  only  under  the  conditions  leading  to  the 
direct  contact  of  metal  surface  to  NO3'  ions  regardless 
of  applied  potentials.  This  result  provides  important 
information  concerning  the  stability  of  N  species  on 
metal  surfaces.  Even  though  this  information  is  indirect 
evidence,  it  can  be  concluded  that  surface  nitrides  are 
more  stable  than  the  NO3'  ions  on  the  metal  surface. 
Therefore,  N  alloys  do  not  function  by  way  of  forming 
nitrates  or  nitrites.  Furthermore,  the  effect  of  NO3*  as 
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a  corros-ion  inhibitor  can  be  simply  understood  by  the 
formation  of  the  surface  nitride  in  a  manner  similar  to 
N-alloyed  stainless  steels.  When  the  metal  surface  is 
exposed  to  the  NO3*  containing  electrolyte  due  to  pitting 
or  mechanical  damage,  surface  nitride  is  formed 
Immediately.  Then,  this  surface  nitride  acts  as  a 
precursor  to  the  passive  film  and  aids  in  the  formation 
of  an  oxide  passive  film.  This  nitride  stabilizes  the 
first  formed  layer  of  the  passive  film  by  acting  as  a 
buffer  to  local  acidity  due  to  the  formation  of  NHj  or 
NH^^.  This  behavior  is  further  discussed  below. 

6.1.3  The  Effect  of  Nitrogen  in  the  Corrosion  of  Pure  Cr 
Figure  5.1  shows  the  typical  polarization  curves 
for  pure  Cr  in  O.IM  HCl  at  room  temperature.  It  was 
observed  that  the  active  corrosion  of  pure  Cr  was 
suppressed  completely  following  nitrate-treatment.  This 
observation  Included  a  sizable  positive  shift  for  the 
OCP.  According  to  previous  studies  and  Pourbaix  diagram, 
Cr^^  is  a  major  dissolving  species  in  the  active  region. 
Therefore  it  can  be  concluded  that  the  surface  nitride 
aids  in  corrosion  inhibition  of  pure  Cr  by  inhibiting 
the  Cr*^  formation  and  aids  in  the  formation  of  the  CrjOj 
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barrier  film  at  OCP.  As  discussed  in  the  previous 
section,  XPS  analysis  (figure  5.2  and  5.3)  shows  that  the 
electrochemical  reduction  of  ’  i  ^  KO^‘  ions  to  the  surface 
nitride  on  pure  Cr  is  possible  only  under  the  conditions 
leading  to  the  direct  contact  of  metal  surface  to  the 
NO3'  ions,  regardless  of  the  applied  potentials.  Once 
pitting  was  initiated,  the  surface  nitride  was  formed. 
This  nitride  acts  as  a  Vi^ecursor  to  the  passive  film  and 
a  buffer  to  local  acidity,  thus  stabilizing  first  formed 
layers  of  the  passive  film.  This  behavior  is  repeated  in 
N*>alloyed  stainless  steels. 

6.2  Synergistic  Effect  of  N  and  Mo  in  Corrosion  of 
Stainless  Steels 

The  synergistic  effect  of  N  and  Mo  in  corrosion  of 
austenitic  stainless  steels  was  evaluated  from  two 
perspectives:  (1)  the  influence  of  N  and  Mo  on  the  alloy 
composition  beneath  the  passive  film  and  (2)  the 
influence  of  N  and  Mo  on  the  structure  and  formation  of 
the  passive  film. 
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6.2.1  Metallic  Enriehnent  beneath  the  Passive  Filai 

Since  very  little  Ni  was  found  in  the  passive  layer 
for  all  stainless  steels,  the  role  of  Ni  on  the  passivity 
of  austenitic  stainless  steels  could  be  overlooked.  In 
recent  studies, the  enrichment  of  metallic  Ni 
underneath  the  passive  film  has  been  reported.  The  metal 
composition  underneath  the  passive  film  of  the  three  high 
Ni  alloys  investigated  in  this  research  are  presented  in 
figure  5.12.  For  the  Fe20Cr20Ni  alloy,  the  metallic  Ni 
composition  changed  little  (19.0  to  19.5  at%  following 
passivation),  while  metallic  Cr  was  enriched  from  20.4 
to  at% .  ^his  result  is  not  in  good  agreement  with 
the  results  of  18-8  stainless  steels,  in  which  Cr  and  Ni 
were  enriched  (from  21  to  24  at%  for  Cr  and  from  8.2  to 
15  at%  for  Ni)  .  However  the  Ni/(Ni+Cr)  ratios  were  almost 
the  same  (40.0  at%  for  Fe20Cr20Ni  alloy  and  38.5  at%  for 
304  stainless  steels) .  This  composition  is  close  to  that 
of  the  intermetallic  compound  CrjNij.  The  19.0  at%  Ni  of 
the  Fe20Cr20Ni  alloy  is  already  high  enough  to  form  the 
intermetallic  phase  and  therefore  the  Hi  enrichment  was 
not  observed.  The  Fe20Cr20Ni6Mo  alloy,  exhibited  the 
metallic  enrichments  of  21.6  to  23.9  at%  for  the  Cr,  19.4 
to  27.4  at%  for  the  Ni  and  3.5  to  6.1  at%  for  the  Mo 
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underneath  the  passive  film.  The  enrichment  of  Ni  and  Mo 
produces  a  composition  ratio  of  Nl  to  No  of  s4.7. 
Comparing  the  results  of  the  Fe20Cr20Nl6Mo  alloy  with 
those  of  the  Fe20Cr20Nl  alloy,  less  Cr  and  more  Ml 
enrichment  was  observed.  It  is  possible  to  explain  the 
results  for  the  Fe20Cr20Nl6Mo  alloy  by  considering  the 
formation  of  a  Mo-Nl  Intermetalllc  phase  of  the  type 
MoNl^.  According  to  the  Engel-Brewer  valence-bond  theory 
of  metallic  bonding, bonding  between  hypo-hyper  d- 
electronlc  transition  metals  can  result  in  Intermetalllc 
phases  having  great  stability  which  is  marked  by  both 
remarkable  electrochemical  and  mechanical  properties.  The 
intermetalllc  bond  between  elements  suitably  separated 
in  the  periodic  table  can  result  from  transfer  of 
electrons  from  the  hyper  d-electron  metal  to  the  hypo  d- 
electron  metal.  In  consideration  of  this  model  it  is 
apparent  that  Ni(3d®4s^),  an  hyper  d-electron  metal  may 
react  with  Cr(3d®4s’)  and  Mo(4d®5s’),  both  hypo  d-electron 
metals.  The  bonding  effectiveness  of  the  d-orbital 
increases  upon  going  down  the  periodic  table  as  reduced 
coulombic  forces  increase  the  distance  between  the  nuclei 
and  d-electrons  (figure  6.4).  The  stability  of  the 
intermetalllc  bond  between  Mo  and  Ni  should  be  higher 
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compared  to  the  Cr-Ni  bond.  He  propose  that  this  stronger 
Mo-Ni  intermetal lie  bond  was  the  driving  force  for  the 
enrichment  of  Mo  and  Hi  during  polarization.  With  0.2 
wt%N  addition  to  Fe20Cr20Ni6Mo  alloy,  we  observed  that 
Ni  and  Mo  were  more  highly  enriched  (from  19.4  to  30.1 
at%  for  Ni  and  from  3.6  to  7.0  at%  for  Mo)  and  that  Cr 
was  less  enriched  (from  21.9  to  22.0  at%)  compared  to 
the  results  of  the  Fe20Cr20Ni6Mo  alloy.  Again  we  saw  that 
the  composition  ratio  of  Ni  to  Mo  was  4.5  and  this  ratio 
was  very  close  to  the  MoNi^  intermetallic  compound  phase, 
which  is  thermodynamically  predicted  in  the  Mo-Ni  phase 
diagram.®’^  Mo-Ni  phase  diagram  is  presented  in  figure 
6.6. 

As  shown  in  chapter  5,  the  Nls  binding  energy  in  Mo 
bearing  steel  was  found  to  be  397.2  eV,  corresponding  to 
N  bound  to  Cr,  Mo  and  Ni  as  a  mixed  nitride  phase. 
Jack^’  has  recently  reported  that  while  single  nitrides 
of  Mo  and  Ni  (MOjN  and  NijN)  are  thermodynamically 
relatively  unstable,  a  mixed  Mo-Ni  nitride  of  the  form 
Ni2M03N  exhibited  very  high  thermal  stability  (figure 
6.5).  In  this  case,  according  to  the  Engel-Brewer 's 
model,  we  could  expect  strong  Interaction  between  Mo  and 
Ni  in  such  a  mixed  nitride.  In  the  case  of  a  surface 
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nixed  nitride  formed  by  preferential  dissolution,  a 
strong  Mo~Ni  interaction  could  be  formed  at  the  expense 
of  the  Cr-Ni  interaction.  The  surface  segregation  of  high 
N  stainless  steel  during  anodic  polarization  can  be 
explained  by  the  formation  of  these  strong  mixed 
nitrides.  For  the  Fe20Cr20Ni6Mo0.2N  alloy,  Ni  and  Mo 
enrichment  underneath  the  passive  film  should  be  expected 
greater  than  for  the  case  of  the  Fe20Cr20Ni6Mo  alloy. 
Strengthened  lattice  binding  by  intermetallic  bonding 
with  or  without  N  can  be  expected  to  cause  selective 
enrichment  of  Mo,  Cr  and  Ni,  in  addition  to  increase 
selectivity  for  dissolution. 

€.2.2  The  Structure  of  Passive  Film 

The  structure  of  the  passive  films  of  austenitic 
stainless  steels  polarized  in  a  deaerated  Cl'  solution 
at  anodic  potentials  consists  of  inner  Cr203  layer  and 
outer  Cr(0H)3  layer.  In  Mo-bearing  steels,  MoO^'^  was 
observed  in  the  outer  Cr(0H)3  layer  and  served  as  a 
cation  selective  species,  enhancing  the  bipolarity  of  the 
passive  film  and  thereby  decreasing  the  thickness  of 
hydroxide  layer  due  to  the  increased  deprotonation.  The 
hydroxide  layer  thickness  of  two  Mo  bearing  steels  (d,^* 
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2.61  A  for  Fe20Cr20Ni6Mo  and  Fe20Cr20Ni6Mo0.2N)  is  less 
than  that  of  Fe20Cr20Ni  alloy  (dg„«  4.92  A),  while  the 
oxide  layer  is  virtually  sane  for  all  three  alloys  (dg^'^ 
10.65  A).  This  shows  that  the  deprotonation  was  enhanced 
due  to  the  presence  of  the  cation-selective  MoO^'^  species 
in  the  passive  film.  When  0.2  wt%N  was  added  to 
Fe20Cr20Nl6Mo,  a  further  increase  of  MoO^'^  content  in 
the  passive  film  was  observed.  Hence,  this  increment  of 
MoO^'^  species  revealed  a  direct  synergistic  effect  of  Ho 
and  N  resulting  in  enhancing  the  passivity. 

6.3  The  Effect  of  Nitrogen  in  the  Corrosion  of  Pure  Mo 

In  previous  section  5.3,  it  was  observed  that  the 
NO3'  ions  and  surface  nitride  enhanced  the  passivity  of 
Mo  in  a  Cl'  solution.  The  passive  film  is  composed  of  a 
mixture  of  Mo^*  and  Mo**.  Since  this  passive  film  is  very 
thin,  i^:  is  very  hard  to  identify  the  Mo  compound  as 
oxide  or  hydroxide.  Through  a  comparison  of  the  XPS 
spectra  shown  in  figure  5.14-5.16,  it  can  be  determined 
that  the  passive  film  formed  on  nitrate-treated  Mo  is 
slightly  thicker  than  for  pure  Mo  in  deaerated  O.lM  HCl. 
The  formation  of  Mo  oxide  is  enhanced  by  increasing  the 
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local  pH  near  the  electrolyte-metal  interface  due  to  the 
formation  of  NHj  and  and  therefore,  the  passive 
current  density  was  decreased. 

The  nitrided  Mo  remains  passive  above  the 
transpassive  potential  for  pure  Mo  (sl50  mV) .  During 
anodic  polarization  at  O.IM  HCl  at  room  temperature, 
pitting  is  initiated  at  360  mV  at  several  points,  while 
the  majority  of  the  sample  surface  remains  passive.  This 
pitting  corresponded  to  the  glitches  in  figure  5.13. 
According  to  the  XPS  analysis  shown  in  figure  5.17-5.19, 
the  anodic  film  polarized  at  250  mV  (passive  region)  for 
1  hour  in  0.1m  HCl  is  comprised  of  Mo**  and  Mo**.  This 
film  is  completely  different  from  the  film  formed  on  pure 
Mo  at  same  potential  (transpassive  region)  in  the  same 
solution.  At  600  mV,  Mo**  and  Mo**  compounds  were  also 
observed,  but  a  small  amount  of  MoO^'^  was  detected.  From 
the  previous  study,’’**’’  pure  Mo  polarized  at  250  mV  is 
covered  with  a  mixture  of  Mo**,  Mo**,  Mo**  and  Mo**  oxides 
and,  at  600  mV,  the  surface  species  is  mainly  M0O3.  It 
seems  that  nitrided  Mo  was  favorably  oxidized  to  a 
mixture  of  Mo**  and  Mo**,  completely  inhibiting  the 
formation  of  M0O3  at  anodic  potential.  If  the  surface  of 
nitrided  Mo  is  exposed  to  the  electrolyte  (due  to  break 
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in  the  passive  film) ,  it  can  be  easily  and  rapidly 
repassivated.  Therefore  nitrided  Mo  remains  passive  at 
600  mV,  while  pure  Mo  is  in  the  transpassive  region.  When 
the  anodic  potential  becomes  high  enough  to  form  Mo*^, 
the  nitrided  Mo  changes  directly  to  HoO^*^  instead  of  M0O3 
and  pitting  begins  at  several  weak  points.  In  figure 
5.13,  the  pitting  was  initiated  at  360  mV.  The  nitrided 
Mo  reacts  with  H2O  and  forms  NH3  ligand  (or  in  the 
solution) .  Due  to  this  reaction,  the  local  pH  near  the 
electrolyte-electrode  interface  becomes  higher  than  that 
of  the  bulk  solution.  From  the  Pourbaix  diagram,*’’  when 
the  pH  shifts* to  a  high  value,  MoO^'^,  a  soluble  product, 
becomes  the  stable  phase  in  stead  of  M0O3  and  the 
intermediate  zone  of  Mo^^  also  disappears.  This  agrees 
well  with  our  observation  that  no  Mo^^  and  Mo**  oxide  has 
been  observed  from  the  anodic  films  formed  on  the 
nitrided  Mo. 

6.4  Influence  of  IIH3  on  the  Passive  Film  of  18-8  Steel 

The  structure  of  the  passive  film  formed  on  the 
surface  of  18-8  stainless  steel  is  presented  in  figure 
5.21.  Since  the  NH3  in  ligand  form  was  distributed  in 
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the  outer  hydroxide  layer  and  the  thickness  of  the 
hydroxide  layer  was  constant,  the  NHj  peak  intensity  was 
normalized  by  the  Cr(0H)3  peak  to  compare  different 
samples.  Figure  5.28  shows  the  relation  between  the  Fe 
ions  and  the  NH3  concentrations.  As  the  NH3  concentration 
in  the  passive  film  Increases,  the  concentration  of  Fe 
ions  decreases.  By  making  the  NH3  complex  with  Cr^^ 
( [Cr (NH3)50H2]^^)  ,  the  NH3  in  the  passive  film  increases 
the  selective  dissolution  of  the  Fe  ions  in  passive  film 
and  forms  a  Cr-enriched  passive  film.  This  Cr-enriched 
passive  film  inhibits  attack  by  Cl*  ions  and  reduces  the 
passive  current  density.  For  the  case  of  pure  Cr,  the 
role  of  the  NH3  in  the  passive  film  is  different.  The  NH3 
in  the  passive  film  of  the  N-'doped  Cr  lowered  the  packing 
density  of  the  Cr{0H)3  layer  by  forming  a  NH3  complex 
with  Cr*^.  The  Cl*  ions  can  easily  attack  the  substrate 
Cr  atoms  through  the  loosened  Cr(0H)3  lattice.  Therefore, 
the  passivation  current  density  of  the  N-doped  Cr  is 
higher  than  that  of  the  non-treated  Cr  (figure  5.21). 
With  the  aid  of  above  results,  we  can  explain  the 
incubation  experiment.  During  the  polarization  of  the  18- 
8  stainless  steel  in  O.IM  HCl  at  -180  mV,  the  alloyed 
nitrogen  changed  to  nitride  and  NH3.  This  NH3  complex 
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loosened  the  lattice  of  the  outer  Cr(0H)3  layer  and 
accelerated  the  selective  dissolution  of  the  Fe  Ions  In 
the  passive  film.  The  NH3  concentration  of  the  0.24  vt%N 
steel  was  higher  than  that  of  the  0.04  vrt%N  steel,  l.e 
the  0.24  wt%N  steel  formed  a  more  Cr-enrlched  film  than 
the  0.04  wt%N  steel.  After  1  hour  polarization  at  -180 
mV  In  O.IM  HCl,  by  adding  O.IM  HCl  +  2.25M  NaCl  to  obtain 
a  O.IM  HCl  -f  0.75M  NaCl  solution.  Increased  Cl*  Ion 
concentration  could  more  aggressively  dissolve  the  Fe 
Ions  In  the  passive  film.  This  selective  dissolution 
Induced  the  breakdown  of  the  passive  film.  Therefore,  for 
the  0.04  wt%N  steel,  the  passive  film  broke  down  after 
42  min,  while  the  0.24  wt%N  steel  still  remained  passive. 

Previous  work  by  our  laboratory*' showed  that, 
during  the  cathodic  nitrate-treatment,  the  doped  N  on  the 
surface  of  the  0.04  wt%N  18-8  steel  was  almost  nitride 
and  that  this  surface  nitride  changed  to  the  NH3  during 
anodic  polarization.  Therefore,  the  potent lodynamlc 
polarization  curves  presented  In  figure  5.20  can  be 
explained  using  the  effect  of  nitrogen  species  such  as 
nitride  and  NH3.  At  the  beginning  stage  of  the  anodic 
polarization,  the  N-doped  0.04  wt%N  alloy  had  the  highest 
concentration  of  N  on  the  surface  among  three  samples  l.e 


75 


the  N-doped  0.04  wt%N  steel  had  more  surface  mixed  Cr-Ni 
nitride  than  the  0.24  vttH  steel.  Because  of  the  stable 
mixed  nitride,  the  dissolution  of  Fe  atoms  increased  and 
the  active  surface  was  enriched  with  Cr  and  Ni.  This  Cr 
and  Ni  enriched  active  surface  lowered  the  critical 
current  density  by  forming  passive  film.  Therefore  N- 
doped  0.24  wt%N  alloy  had  the  lowest  critical  current 
density.  As  the  anodic  polarization  proceeded,  the 
concentration  of  the  surface  N  of  the  0.24  wt%N  alloy 
increased  due  to  the  surface  segregation  of  alloyed  N. 
Increased  surface  N  due  to  the  anodic  segregation  on  the 
surface  was  responsible  for  the  0.24  wt%  N  alloy  having 
the  lowest  value  of  the  passivation  current  density  and 
the  highest  value  of  the  pitting  potential.  These  results 
showed  that  a  mixed  surface  nitride  of  the  18-8  stainless 
steel  decreased  the  critical  current  densities. 
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7.  CONCLUSION 

1.  Exposure  of  Cr  surface  to  MO3'  ions  in  the  range  from 
-930  nV  to  1300  mV  results  in  a  surface  nitride  if  the 
oxide  is  either;  (a)  non  existence  (cathodic  condition) , 
(b)  perforated  (active  and  transpassive)  and  (c)  mechan¬ 
ically  or  chemically  broken  down  (passive  condition) . 
Hence,  the  enhanced  corrosion  resistance  of  N-bearing 
stainless  steels  is  not  due  to  N  oxidation  to  NO2'  or 
NOj'  which  are  very  strong  corrosion  inhibitors. 

2.  This  surface  nitride  aids  in  corrosion  inhibition  of 
Cr  by  inhibiting  Cr*^  formation  and  aids  in  the  formation 
of  the  CrjOj  barrier  film  at  open  circuit  potential. 

3.  The  role  of  the  surface  nitride  formed  cathodically 
from  NO3*  ions,  is  analogous  to  that  formed  from  anodic 
segregation  of  nitrogen  in  a  N  alloyed  steel.  This 
indicates  both  how  NO3'  corrosion  inhibitors  function  and 
how  N  alloyed  to  stainless  steel  improve  corrosion 
resistance. 

4.  The  surface  nitride  enhances  pitting  resistance  of 
steels,  because  the  nitride  acts  as:  (a)  a  precursor  to 
the  passive  film  and  (b)  a  buffer  to  local  acidity,  thus 
stabilizing  first  formed  layers  of  the  passive  film. 
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5.  The  passive  films  of  pure  Mo  polarized  in  a  acidic 
Cl'  solution  comprised  of  Mo^  and  Mo*^. 

6.  The  surface  N  on  pure  Mo  improves  the  passivity  in  a 
acidic  Cl'  solution  by  following  reasons:  (1)  suppressing 
the  transpassive  species,  MoO,  and  (2)  Increasing  local 
pH  by  the  formation  of  NH^  and  NH^*. 

7.  The  alloying  with  Mo  improved  pitting  resistance  of 
Cr-Ni-Fe  alloy  and  lowered  the  rate  of  active  dissolution 
of  stainless  steel  in  a  Cl*  containing  solution. 

8.  The  N  addition  to  a  Mo-bearing  steel  was  segregated 
as  a  surface  nitride  phase  and  suppressed  active 
dissolution. 

9.  For  Fe20Cr20Ni  steel,  only  enrichment  of  metallic  Cr 
underneath  the  passive  film  was  observed.  The  Ni/ (Ni-i-Cr) 
ratio  has  the  same  (around  40%)  as  that  of  18-8  stainless 
steels  polarized  in  O.lM  HCl. 

10.  For  Fe20Cr20Ni6Mo  steel,  metallic  Cr  enrichment 
beneath  the  passive  film  decreased,  while  metallic  Ni  and 
Mo  enrichment  increased  by  forming  what  appears  to  be  a 
stable  Mo-Ni  intermetallic  phase. 

11.  With  0.2  wt%  N  addition  to  the  Fe20Cr20Nl6Mo  alloy, 
the  metallic  Cr  enrichment  beneath  the  passive  film 
decreased  further,  and  metallic  Ni  and  Mo  enrichment 
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increased  to  a  greater  magnitude  compared  to  the 
Fe20Cr20Ni6No  alloy,  apparently  by  forming  stable  mixed 
nitride  phase  with  Mo  and  Ni  as  the  primary  metallic 
constituents. 

12 .  It  means  that  a  surface  nitride  is  formed  on  N- 
bearing  stainless  steel  which  appears  to  decrease  the 
critical  current  density  and  forms  a  precursor,  a  surface 
nitride,  to  an  oxide  passive  film. 

13.  The  structures  of  the  passive  films  were  agree  well 
with  the  bipolar  model  of  passivity,  which  consisted  of 
the  inner  anion  selective  layer-oxide  phase  and  the  outer 
cation  select*|.ve  layer-hydroxide  phase. 

14.  In  Mo  bearing  steel,  MoOj,  Mo*®  and  MoOj  were  found 
in  the  inner  layer  of  the  passive  film  and  MoO^'^  ions 
were  found  in  the  outer  layer. 

15.  The  N  addition  to  the  Mo  bearing  steel  enhance  the 
bipolarity  of  the  passive  film  by  enhancing  the  formation 
of  MoO^'*  instead  of  M0O3. 

16.  The  NH3  in  the  passive  film  of  stainless  steel 
enhances  the  selective  dissolution  of  Fe  ion  in  the  film 
and  leading  to  Cr-enrichment  in  the  passive  film  by 
forming  a  stable  NH3  complex  such  as  [Cr (NH3)30H2]*®. 

17.  The  NH3  in  the  passive  film  makes  passive  film  more 
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active  for  pure  Cr,  while  more  passive  for  the  18-8 
stainless  steels. 

18.  The  NHj  plays  a  major  role  in  improving  the  pitting 
resistance  and  in  reducing  the  passive  current  density. 
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8.  FUTURE  IMVESTIGATZONS 

8.1  Elcotroohulieal  Analysis  of  Zntsrmstalllo  Compounds 

In  this  study,  metallic  Ni  enrichment  beneath  the 
passive  film  was  observed  in  detail  to  determine  its 
important  role  in  enhancing  the  passivation  behavior  of 
austenitic  stainless  steels  by  forming  an  intermetallic 
compound.  For  18-8  and  Fe20Cr20Ni  alloys,  the 
concentration  ratio  of  Cr  to  Ni  is  «1.5  and  CrjNij 

intermetallic  compound  is  predicted.  For  Fe20Cr20Ni6Mo 
alloy,  the  ratio  of  Mo  to  Ni  is  s4.7  and  MoNi^ 

intermetallic  compound  is  suggested.  Therefore,  it  is 
probable  that  electrochemical  analysis  of  Cr3Ni2  and 

MoNi^  intermetallic  compounds  can  lend  further  proof  of 
the  role  of  Ni.  Also,  surface  nitride,  which  is  formed 
by  electrochemical  reduction  of  NO^'  on  the  above 

intermetallic  compounds,  will  affect  metal  phase 
modification  during  anodic  polarization  and  provide  more 
detailed  information  on  the  N-Mo  synergism. 
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8.2  TMipsratur*  Eff«ot  of  H-Mo  Synorgisa 

Previous  work  of  our  group  reported  the  results  of 
electrochemical  analysis  for  AL6X  and  AL6XN  In  acidic 
solution  at  high  temperature.**’^  As  electrolytes,  two 
types  of  solution,  O.IM  HCl  +  2M  NaCl  and  0.5M  H2SO^, 
were  used.  Salient  electrochemical  characteristics  vs. 
temperature  trends  are  presented  In  figure  8.1  and  8.2. 
For  both  alloys  and  both  electrolytes,  OCP  (open  circuit 
potential)  and  E^( transpassive  potential)  are 
Independent  of  temperature  and  alloying  N  concentration. 
However,  big  Increments  of  critical  and  passive  current 
densities  were  observed,  as  the  temperature  Increase.  For 
both  electrolytes,  the  passive  current  density  (I—.,)  of 
AL6XN  was  higher  than  AL6X  at  all  temperatures.  The 
critical  current  density  (Icru)  AL6XN  became  less  than 
AL6X  In  Cl*  solution.  But,  In  0.5M  H2S0^,  AL6XN  exhibited 
little  change,  while  AL6X  showed  a  large  Increment  with 
Increasing  temperature.  As  discussed  In  chapter  6,  the 
N  Influence  on  OCP,  E,^  and  1^^,,  at  elevated  temperature. 
Is  similar  to  that  at  room  temperature  except  In 
0.2N  NaCl  4-  O.IM  HCl,  As  anodic  potential  Increases, 
alloying  N  becomes  segregated  on  surface  In  foxrms  of 
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nitride,  NH^  and  NH^*.  This  segregated  N  enhances 
selective  dissolution  of  iron  of  steel  substrate.  At 
elevated  temperature,  anodic  dissolution  rate  also 
increases  and  therefore  the  concentration  of  segregated 
N  on  AL6XN  increases  more  rapidly  than  AL6X.  If  enough 
N  segregates  to  form  surface  nitride  on  the  entire 
surface,  extra  N  changes  to  NH3  and  NH^*.  The  NHj  and  NH^* 
enhances  the  dissolution  of  metallic  elements  by 
reducing  local  acidity.  However,  in  the  passive  region, 
NH3  and/or  NH^'  of  the  passive  film,  which  was  discussed 
in  chapter  6,  only  enhances  the  selective  dissolution  of 
Fe  ions  in  the  passive  film,  aids  the  formation  of  more 
stable  Cr>enriched  film  and  lessens  Ip,„.  Quantitative 
XPS  analysis  of  the  surface  of  AL6XN  and  AL6X  in  the 
active  and  in  the  passive  regions  will  provide  solid 
information  of  the  role  of  N  on  the  corrosion  of 
austenitic  stainless  steels. 

According  to  the  research  performed  by  R. 
Matsuhashi  et  al.,*^’  the  corrosion  rate  of  stainless 
steels  in  highly  concentrated  sulfuric  acid  decreased  as 
Ni  content  increased  in  the  low  temperature  below  60 *C. 
Conversely,  the  corrosion  rate  increased  proportionally 
to  the  increase  of  Ni  content  in  the  high  temperature 
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above  60 "C.  Therefore,  through  the  measurements  of  the 
temperature  effect  on  modifying  the  metallic 
concentration  underneath  the  passive  film,  the  role  of 
Ni  could  be  also  determined. 
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XPPEKDIX 

XF8  Analysis  of  Molybdenum  Pentoxlde  Formation 


1.  ABSTRACT 

Using  the  XPS  technique,  the  formation  of  Mo"^®  was 
observed  through  each  of  the  ‘'oilowing  different 
preparations;  (1)  the  oxidation  of  pure  Mo  at  400°C  in 
0.1  torr  ©2,  (2)  thermal  reaction  of  MoOj  powder  with 
pure  Mo  at  600*0  in  10*’  torr,  (3)  the  reduction  of  MoOj 
powder  with  Zn  in  concentrated  HCl,  (4)  the  reduction  of 
MoO^'^  ions  on  an  activated  platinum  electrode  following 
cathodic  polarization  in  deaerated  O.IM  (NH^)jMo7024 *41120 
at  -470mV,  -700raV  and  -900mV  at  22 *C.  The  binding  energy 
of  Mo3d5^2  photoelectron  of  Mo*^  oxide  has  been  consistent 
measured  at  230.8  eV.  These  Mo  oxyhydroxide  compounds  and 
a  cathodic  reduction  product  of  an  ammonium  paramolybdate 
on  a  platinum  electrode  have  been  characterized  by  XPS 
and  X-ray  diffraction.  The  passive  films  of  pure  Mo 
polarized  at  50  mV  (vs.  S.C.E.)  for  1  hour  in  deaerated 
O.IM  HCl  were  found  to  be  comprised  of  Mo^^  and  Mo^^. 
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2.  ZHTRODUCTION 

It  is  well  known  that  Molybdenum  has  a  very  strong  effect 
on  improving  the  pitting  resistance  and  lowering  the  rate 
of  the  anodic  dissolution  of  stainless  steel. In 
addition,  a  small  amount  of  nitrogen  addition  improves 
the  above  properties  of  stainless  steels  through  its 
apparent  synergism  with  molybdenum. XPS  has  played  a 
major  role  in  determining  the  influence  of  Mo  in 
improving  passivation. 

The  Mo(V)  species  has  been  indicated  from  the  work  of 
Pozdeeva  and  co-workers^^\  who  investigated  the 
electrochemical  properties  of  all  known  Mo  oxides  using 
experimental  and  thermodynamic  methodologies.  In  that 
study,  thermodynamic  calculations  of  potentials 
corresponding  to  the  oxidation  of  Mo  and  M0O2  to  MOjOj  in 
an  acidic  solution  were  reported.  By  the  electrical 
measurements,  several  authors^^'^^’  have  suggested  that 
MoOj  is  the  passivation  compound  of  pure  Ho.  However,  the 
passive  films  formed  on  pure  Mo  in  O.IM  HCl  have  been 
analyzed,  using  variable  angle  XPS,  by  Lu  and  Clayton. 

In  that  study,  the  existence  of  a  thin  passive  film  on 
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pure  Mo  was  observed  and  the  possibility  that  the  passive 
film  was  comprised  of  M0O2  and  MOjOj  was  suggested,  even 
though  NO2O3  was  one  of  the  transpassive  products  of 
acidic  solution  by  using  XPS  technique. 

In  this  study,  again  using  XPS  analysis,  the  existence 
of  Mo^^  was  confirmed  and  the  binding  energy  of  Mo3d 
photoelectron  of  Mo^®  was  measured  via  four  different 
types  of  sample  preparations.  These  were  as  follows:  (1) 
the  oxidation  of  pure  Mo  at  400®C  in  0.1  torr  (2) 
thermal  reaction  of  M0O3  powder  with  pure  Mo  at  600  “C  in 
10'’  torr,  (3} the  reduction  of  M0O3  powder  with  Zn  in 
concentrated  HCl,  (4)  the  reduction  of  MoO^’^  ions  on  an 
activated  platinum  electrode  following  cathodic 
polarization  in  deaerated  O.lM  ammonium  paramolybdate  at 
-470mV,  -700mV  and  -900mV  at  22®C.  And  also  the  existence 
of  Mo*®  in  the  passive  film  of  pure  Mo  polarized  in  a  Cl' 
solution. 

3.  XPS  ANALYSIS  OF  Mo*®  OXIDE  COMPOUNDS 

The  existence  of  Mo*®  has  already  been  known  in  chemistry 
for  a  long  time.’®'^’*^’’ 


A  valence  state  which  has  a 
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binding  energy  of  Mo3d  photoelectron  between  +6  and  +4 
valent  molybdenum  was  detected  by  several  investigators 
using  XPS.^°‘“’  Kim  et  al.^^^  used  the  formula  MoO^(2<x<3) 
for  this  state,  because  they  proposed  it  to  be  a  mixture 
of  valence  states  between  4  and  6.  Olefjord  et  al.^‘^®’ 
investigated  the  binding  energies  of  Mo3d  photoelectron 
of  Mo  oxide  compounds.  Mo  oxides  were  prepared  at  TOC’C 
in  1  torr  Oj  and  in  1  torr  HjO  and  analyzed  with  XPS.  The 
binding  energies  of  Mo3d  photoelectron  of  Mo  oxide 
compounds  reported  by  them  were  232.3  eV  corresponding 
to  M0O3,  229.1  eV  corresponding  to  MoOj  and  230.7  eV 
corresponding  to  Mo*^  hydroxide  and  the  satellite  peak  of 
MoOj.  ttrgen  et  al.“’  reported  the  existence  of  Mo*®  mixed 
with  Mo**,  Mo*^  and  Mo*®  in  the  films  formed  on  pure 
molybdenum  by  anodic  oxidation  in  a  acidic  chloride 
solution  at  different  potentials  in  the  passive  and 
transpassive  region.  In  this  work,  the  binding  energy  of 
Mo3d  photoelectron  of  Mo*®  compound  was  found  to  be  230.8 
±  0.2  eV.  McIntyre  et  al.^^^  reported  using  XPS  analysis 
that  Mo**  and  Mo*®  were  observed  on  the  pure  Mo  oxidized 
at  200*C  in  1  atm  Oj  for  1  hour  and  that  Mo*®  was  also 
observed  on  Mo  oxides  film  formed  during  ion  beam 
deposition  on  COjO^.  The  binding  energy  of  Mo3d 
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photoelectron  of  this  Mo*^^  was  found  to  be  at  231.1  ±0.2 
eV(Au4f7,2  standard  is  83,9  eV) .  Clayton  and  Lu^®’  proved 
the  existence  of  MOjOj  with  XPS  analysis  by  preparing 
samples  in  two  ways;  (1)  Reacting  M0O3  powder  with  pure 
Mo  at  750*C  for  1  hour  under  argon”^  and  (2)  Reduction  of 
MoO^'^  on  an  activated  Pt  electrode  by  cathodic 
polarization  in  O.IM  deaerated  ammonium  paramolybdate 
solution. 

4.  EXPERIMENTAL 

It  is  very  difficult  to  obtain  pure  Mo^Oj  or  Mo  (OH)  5, 
since  these  compounds  are  thermodynamically  unstable.  To 
prove  the  existence  of  Mo*^  in  the  forms  of  oxide  and 
oxyhydroxide,  several  types  of  preparations  were 
performed  in  this  study.  All  metallic  specimens  in  coupon 
forms  were  ground  with  600  grit  Sic  paper  disc  and 
polished  with  6  and  0.25  tm  diamond  paste  followed  by 
ultrasonic  cleaning  first  in  acetone  and  then  in  ios- 
propanol. 


4.1  Oxidation  of  Pure  Mo 


Pure  Mo(99.99%)  in  coupon  form  was  used  in  this  study. 
After  being  polished  and  cleaned,  the  sample  was 
transferred  to  the  spectrometer.  To  remove  air-formed 
oxide,  the  sample  was  etched  with  Ar  ion  plasma  for  15 
min  in  UHV (Ultra  High  Vacuum) .  Oxidation  was  carried  out 
at  400**C  for  1  hour  in  0.1  torr  O^  and  then  XPS  analysis 
was  performed. 

4.2  Reaction  of  MoOj  Powder  with  Pure  Mo 

After  pure  Mo (99. 99%)  was  polished  and  cleaned,  a  little 
amount  of  M0O3  powder  was  put  on  the  pure  Mo.  This  sample 
was  transferred  to  the  spectrometer.  The  entire  procedure 
was  carried  out  under  argon  atmosphere  to  reduce  the 
possibility  of  surface  modification.  XPS  analyses  of  this 
sample  were  performed  as  received.  To  proceed  the 
reaction  between  M0O3  and  pure  Mo,  heat  treatment  was 
performed  at  600*C  for  l  hour  in  10*’  torr.”*  the  final 
product  was  also  analyzed  with  XPS  technique. 


97 


4.3  Formations  of  Mo  Oxyhydroxide  Compounds 

Mo  oxyhydroxides  were  prepared  following  Glemser  and 
Lutz^®*’’’.  The  most  highly  reduced  phase, 
MO3O3  (OH)  fQ (green  compound)  was  obtained  by  reducing  MoOj 
with  Zn  in  concentrated  HCl  for  10  hours,  whilst 
Mo30^(0H)g(red  compound)  was  made  by  oxidizing  MO;03(0H)^g 
in  air.  To  remove  any  kind  of  Mo  chloride  compounds, 
Mo303(0H)^q  compound  was  rinsed  with  doubly  distilled 
water  after  filtration.  Further  oxidized  phase,  HjjMoOj 
(0.34<x<0.93,  blue  compound)  was  made  by  mixing  M0O3  and 
Mo303(0H)fg  under  Ar  atmosphere.  And  then  all  these 
compounds  were  analyzed  with  XPS  and  X-ray  diffraction 
techniques . 

4.4  Preparation  of  Reduction  Products  of  MoO^’^  Ions  by 
Cathodic  Polarization 

A  0.5  mm  thick  pure  Pt(99.99%)  coupon  of  8  x  12  mm  was 
used  as  a  cathode.  After  the  Pt  coupon  was  polished  and 
cleaned,  this  coupon  was  mounted  for  polarization. 
Polarization  was  carried  out  in  a  conventional  Greene 
cell  containing  O.IM  (NH^)^Mo^024*4H20  solution(pH  5.8), 
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Which  was  first  deaerated  with  argon  for  at  least  2 
hours.  All  polarization  were  carried  out  at  room 
temperature  (22<*C).  The  specimens  were  pulsed  to  a 
specific  potential (-470  mV,  -700  mV  and  -900mV)  and 
maintained  there  for  1  hour  to  prepare  a  surface  film  of 
cathodically  reduced  product  for  subsequent  XPS  analysis. 
Following  the  potentiostatic  polarization  treatment,  the 
electrode  was  removed  from  the  cell,  rinsed  with 
deaerated  doubly  distilled  water  and  transferred  to  the 
spectrometer.  The  entire  procedure  was  conducted  in  an 
argon-purged  glove  box  to  avoid  the  possibility  of 
surface  modification. 

4.5  Formation  of  the  Passive  Film  on  Pure  Mo  in  Cl* 
Containing  Solution 

After  pure  Mo  sample  was  polished  and  cleaned,  a 
potentiostatic  polarization  were  performed  in  a 
conventional  Greene  cell  at  room  temperature.  In  order 
to  remove  the  air-formed  film,  cathodic  pretreatments 
were  conducted  in  deaerated  O.IM  HCl  for  15  min  at  -700 
mV.  And  then  potentiostatic  polarizations  were  performed 
at  50  mV  (passive  region)  for  1  hour  in  deaerated  O.IM  HCl 
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at  room  temperature.  After  the  polarizations,  the  samples 
were  rinsed  immediately  with  deaerated  doubly  distilled 
water,  dried  with  an  argon  jet  and  transferred  to  the 
spectrometer  under  argon  atmosphere. 

4.6  XPS  Analysis 

All  XPS  measurements  were  performed  using  a  V.G. 
Scientific  ESCA  3  MKII  spectrometer  controlled  by  a 
VGX900  data  system.  An  A1  Ka,  j  X-ray(1486.6  eV)  source 
and  a  20  eV  pass  energy  were  used  for  all  analysis 
providing  a  FWHM  for  the  Au4f7/2  singlet  of  1.25  eV.  As 
a  reference,  the  binding  energy  of  the  Au4f7,2  electron 
was  found  to  be  83.8  eV.  By  taking  Cls  spectra  from  the 
adventitious  carbon  at  284.6  eV,  all  binding  energies 
were  corrected  for  charge  shifting.  A  Shirley  background 
subtraction  was  conducted  for  each  multiplet  in  the 
spectral  region  under  analysis. 
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5.  RESULTS  AND  DISCUSSION 

5.1  Oxidation  of  Pure  Mo 

Figure  1  showed  Mold  and  Mo3p  spectra  for  pure  Mo 
oxidized  at  400°C  for  1  hour  in  0.1  torr  O2.  Before 
oxidation,  no  oxide  was  found  since  sample  was  ion-etched 
with  Ar^  plasma.  After  oxidation,  three  different  types 
of  molybdenum  oxides  were  observed.  Their  binding 
energies  of  Mo3d3^2  photoelectron  were  229.0  eV,  230.8  eV 
and  232.5  eV.  The  peaks  at  229.0  eV  and  at  232.5  eV  were 
agreed  well  with  the  standard  binding  energies  of  M0O2 
and  M0O3  respectively.  Also,  the  binding  energies  of  Mo3p 
photoelectron  of  above  two  compounds  were  matched  well 
with  Mo02(395.7  eV)  and  Mo03(3  9  8.7  eV)  standards. 
Therefore  it  could  be  concluded  that  the  oxidation 
valence  of  the  compound  located  at  230.8  eV  is  between 
+4  and  +6.  Temporarily  this  compound  can  be  called 
Mo*"(4<n<6)  . 

5.2  Reaction  of  M0O3  powder  with  pure  Mo 

Mold  and  Mo3p  XPS  spectra  before  and  after  reaction  of 


101 


NoOj  powder  with  pure  Mo  at  600 *C  for  1  hour  in  10’’  torr 
were  presented  in  figure  2.  Before  reaction,  two 
compounds  which  corresponded  to  pure  Mo  and  M0O3  were 
observed.  After  reaction,  three  types  of  Mo  compounds 
were  observed.  The  binding  energies  of  Moldj^j 
photoelectron  were  227.7  eV,  229.0  eV  and  230.8  eV 
corresponding  respectively  to  metallic  Mo,  M0O2  and  Mo^''. 
In  this  experiment,  the  peak  at  230.8  eV  was  also  found 
as  in  the  oxidation  of  pure  Mo.  Since  the  condition  of 
the  reaction  between  M0O3  powder  and  pure  Mo  is  very 
similar  to  the  Cotton  and  Wilkinson's  model^^  for  the 
formation  of  a  Mo^O^,  this  reaction  can  be  assumed  as 
following  chemical  equation; 

IOM0O3  +  5Mo  =  GMOjOj  +  3Mo  =  15M0O2 
In  figure  2,  the  MoOj  species  is  not  found  after  the 
reaction.  It  means  that  all  M0O3  was  used  for  the 
reaction  and  that  the  final  products,  metallic  Mo,  MO2O3 
and  M0O3,  could  be  observed  with  XPS.  Therefore  it  is 
concluded  that  the  peak  at  230.8  eV  corresponds  to  MO2O3. 


5.3  Analysis  of  Mo  Oxyhydroxide 

Following  Glemser  and  Lutz^®'^’’,  three  kinds  of  Mo 
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oxyhydroxide  powders (MOjOj (OH) green,  MOjO^COH)^:  red, 
MoOj+NOjOjCOH)  ^g:  blue)  were  prepared.  Mold,  Mo3p  and  01s 
XPS  spectra  for  these  three  compounds  were  presented  in 
figure  3.  For  all  powders,  three  different  types  of  Mo3d 
doublet  were  consistently  found  at  the  binding  energies 
of  229.0  eV,  230.8  eV  and  232.5  eV.  To  avoid  the 
possibility  of  any  kinds  of  Mo  chloride  formation (the 
binding  energy  of  MoCl5=  230.5  eV) ,  Mo505(0H),q  was  rinsed 
with  deaerated  doubly  distilled  water  during  filtration. 
Flnce  Cl2p  XPS  spectrum  was  very  weak  and  negligible,  the 
binding  energy  of  230.8  eV  should  not  correspond  to  Mo"^® 
chloride.  Three  values  of  the  binding  energies,  229.0  eV, 
230.8  eV  and  232.5  eV,  are  identical  to  the  binding 
energies  of  MoO^,  MO2O3  and  M0O3  respectively.  The  peaks 
area  ratios  of  the  OH*  spectrum  to  the  0*^  spectrum  were 
found  to  be  2.00  for  green  compound  and  to  be  1.25  for 
the  red  compound.  Compared  to  the  theoretical  ratio  of 
OH*  to  0*^(2  for  Mo505(0H)„  and  1.14  for  Mo507(0H)g) ,  it 
could  be  concluded  that  the  green  compound  was  Mo303(OH),q 
and  that  the  red  compound  was  very  close  to  Mo302(0H)g.  X- 
ray  diffraction  data  also  supported  a  strong  evidence  in 
Identifying  these  three  compounds.  Figure  6  shows  that 
the  X-ray  diffraction  data  of  M0O2,  MoOj  and  Mo302(0H)g 
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(Red  oxyhydroxide  compound)  were  agreed  well  with  the 
standards.  And  it  was  observed  that  blue  compound  was 
very  close  to  Mo20j(0H)  and  green  compound  was  a  mixture 
of  Mo30j(0H)^g  and  a  little  amount  of  Mo302(0H)g.  Because 
green  compound  is  easily  oxidized  in  air,  the  surface 
layer  is  oxidized  a  little.  Even  though  the  sample  was 
sealed  with  a  thin  plastic  sheet  under  Ar  atmosphere, 
there  must  be  a  little  amount  of  air  leak  during  X-^ray 
diffraction.  In  figure  3,  the  major  peak  2(6)  at  229.0 
eV  for  green  compound  should  be  corresponding  to  Mo*^ 
oxyhydroxide,  since  the  area  ratio  of  the  0H‘  spectrum  to 
the  O'^  spectrum  was  2.00.  Because  average  oxidation 
number  of  red  compound (MOjO^ (OH) g)  is  4.4,  two  major 
species  corresponding  to  peaks  at  229.0  eV  and  230.8  eV 
should  be  Mo*^  and  Mo*®  oxyhydroxide.  Even  though  the  peak 
2(6)  for  Mo3d  XPS  spectra  for  Mo505(0H),q  corresponded  to 
Mo**  oxyhydroxide,  the  binding  energy  of  Mo3d5^2 
identical  to  that  of  MoOg.  According  to  the  structure  of 
H^MoO^ ( 0<x£2 )  explained  by  Dickens  et  al.,®^^  the  hydrogen 
insertion  reaction, 

xH(g)  +  Mo03(s)  «  H^Mo03(s) 

leaves  the  M0O3  framework  unchanged  topologically  and 
leads  to  the  formation  of  X-OH2.  The  number  of  Mo-0 
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linkages  remains  unchanged  (six  per  Mo  atom)  but  the  mean 
Mo-0  bond  strength  will  vary  with  the  mean  oxidation 
state  of  Mo.  Therefore  it  can  be  concluded  that  the 
binding  energies  of  Mold  photoelectron  depend  on  the 
oxidizing  states  regardless  of  Mo  oxide  or  Mo 
oxyhydroxide  compound.  As  a  similar  result,  it  is 
observed  that  the  binding  energy  difference  for  Mold 
photoelectron  between  HjMoO^Clll.V  eV)  and  Mo03(212.5  eV) 
is  only  0.2  eV.  The  color  of  the  mixed  powder  of 
M0O3 (white)  and  MO5O5 (OH) ^jj( green)  changed  to  blue.  For 
this  mixed  powder,  Mo*®  and  Mo**  species  were  observed, 
even  though  Mo**  and  Mo**  compounds  were  mixed.  After 
being  mixed,  these  two  powders  reacted  with  each  other 
and  changed  to  an  oxidized  compound,  Mo20^(0H)2  or 
Mo^O,q(OH)2,  because  M0505(OH),q  was  easily  oxidized. 

5.4  Reduction  Products  of  MoO^*^  by  Cathodic  Polarization 

The  cathodic  polarization  curve  of  platinum  in  a 
deaerated  solution  of  O.IM  ammonium  paramolybdate 
performed  by  Clayton  and  Lu^®’  is  given  in  figure  4.  For 
the  inflexion  points  at  potentials,  -160,  -140  and  -540 
mV,  potentiostatic  polarizations  were  performed  at  -270, 
-470,  -700  and  -900  mV  respectively.  The  formation  of 
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MO2O3  was  reported  at  potentials  -470,  -700  and  -900  mV. 
The  binding  energy  of  Moldj^j  photoelectron  of  MOjOj  (231.  o 
eV)  is  0.8  eV  higher  than  that  of  this  work  (23^.8  eV) . 
To  confirm  the  formation  and  the  binding  energy  of  MOjOj, 
three  potentials,  -470mV,  -700mV  and  -'  OOmV  were  chosen 
as  polarization  potential^  in  this  work.  Figure  5  is  a 
comparison  of  XPS  spectra  obtained  from  (NH^)^Mo7024  *41120 
powder  and  the  surface  of  the  platinum  electrode 
following  cathodic  polarization  at  specific  potentials 
in  deaerated  O.IM  ammonium  paramolybdate .  After  the 
platinum  «%lectrode  was  cathodically  polarized  at  -470mV 
^or  1  hour,  the  electrode  was  covered  with  a  thin  brown 
film.  XPS  analysis  reveals  a  mixture  of  (NH4)2Mo04  and 
MO2O5.  Following  cathodic  polarizations  at  -700  mV  and  at 
-900  mV  for  1  hour  in  deaerated  O.IM  ammonium 
paramolybdate,  the  platinum  electrode  was  covered  with 
a  thick,  black  and  very  poorly  adherent  film  for  both 
potentials.  XPS  analysis  showed  a  mixture  of  Mo^*  and  a 
little  amount  of  Mo**.  By  exposing  to  air  for  4  days,  no 
change  in  the  XPS  spectra  was  observed.  This  result 
indicated  the  presence  of  stable  MO2O3.  On  similar 
experiment  performed  by  A.  S.  Goncharenko^’ \  the  black 
cathode  deposit  was  M0205*2H20.  This  MO2O5  *21120  was  very 
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Stable,  since  they  used  HNO,  to  oxidize  this  compound. 
In  figure  6,  X-ray  diffraction  data  of  this  cathodic 
deposit  is  different  from  those  of  M0O2  and  M0O3  powders. 
It  means  that  MOjOj  is  not  the  mixture  of  MoOj  and  M0O3. 
The  structural  analysis  of  the  MO2O3  compound  is  assigned 
to  a  future  study. 

5.5  Analysis  of  the  Passive  Film  on  Pure  Mo 

The  possibility  that  Mo^^  and  Mo^^  are  the  passivation 
compounds  on  the  corrosion  of  pure  Mo  in  O.IM  HCl  is 
suggested  through  XPS  analysis  by  Lu  and  Clayton’^^. 
Figure  7  is  the  XPS  spectra  obtained  from  pure  Mo 
polarized  at  50  mV  in  O.IM  HCl.  The  XPS  data  indicates 
that  the  passive  film  is  comprised  of  Mo**  and  Mo**.  The 
values  are  in  good  agreement  with  the  binding  energies 
of  our  standards.  This  indicates  that  Mo**  was  located 
close  to  the  metal-passive  film  interface  and  that  Mo** 
was  located  in  the  outer  region  of  passive  film. 


6.  CONCLUSION 


1.  Mo  compound,  whose  binding  energy  of  Mold  photo 
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electron  is  230.8  eV  in  this  work,  is  Mo*^^  oxide  or 
oxyhydr oxide. 

2.  The  binding  energies  of  Mo3d  electrons  of  No  oxides 
and  oxyhydroxides  are  consistent,  depending  on  the 
oxidizing  state. 

3.  In  the  reduction  experiment  of  MoO^'^  ions  on  a 
activated  Pt  electrode  by  cathodic  polarization, 
stable  MOjOj  compound  with  a  small  amount  of  Mo*^^  was 
obtained  at  potentials  of  less  than  -540  mV. 

4.  The  passive  films  of  pure  Mo  polarized  in  acidic 
solutions  containing  Cl*  ions  are  comprised  of  Mo*^ 
and  Mo*®  species. 
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Figure  1.  Mo3d  and  Mo3p 
400*C  for  1  hour  in  0.1 
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Mo3dj,2  5:  Mo  (met),  6; 


Mo  3p 
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for  pure  Mo  oxidized  at 


M0O2,  c: 
M0O2,  3: 
7: 


Mo^^ 

Mo"^^ 


d: 
4 : 
8: 


MoOj 

MoO, 

M0O3 


2' 
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Mo  3d  Mo  3p 


Figure  2.  Mold  and  Mo3p  spectra  for  N0O3  on  pure  Mo. 


M03P3,2 

a: 

Mo (met) , 

b: 

Mo02f 

c: 

Mo^®, 

d: 

MoO 

Mold,, 2 

1: 

Mo(met)v 

2: 

Mo02» 

3: 

Mo^*, 

4: 

MoO 

Mo3d3,2 

5: 

Mo (met) , 

6: 

Mo02» 

7; 

Mo**, 

8: 

MoO 

Figure  3.  Mo3d,  Mo3p  and  01s  spectra  for  three  types  of 
Mo  oxyhydroxide  powder. 


M03P3,2 

a: 

Mo^^, 

b: 

Mo*’, 

c: 

MoO 

Mo3d,/2 

2: 

Mo^‘, 

3; 

Mo*’, 

4 : 

MoO 

6: 

Mo^^, 

7; 

Mo*’, 

8: 

MoO 

018 

x: 

0’^ 

y: 

OH*, 

z: 

H,0 

rOTtKTtAI,  aV  (SCI) 


rlgur«  4.  Cathodic  polarization  curve  of  platinum  in 
deaerated  O.IM  ammonium  paramolybdate  solution.  (Scan 
Rate:  0.2  mV/sec) 
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Mo3d  Mo3p 


Fig\ur«  5.  Mo3d  and  Mo3p  spectra  obtained  from  (a) 
ammonium  paramolybdate  and  from  the  surface  of  platinum 
electrode  cathodically  polarized  in  deaerated  O.IM 
ammonium  paramolybdate  at  (b)  -470  mV,  (c)  -700  mV  and 
(d)  -900  mV. 


Mo3d5/2 

1:Mo02, 

3;  Mo*’, 

5;  (NH^)2MoO^, 

7:  (NH4)4Mo7024*4H20 

Mo3d3/2 

2  :Ho02/ 

4;  Mo*’, 

6;  (NH^)2MoO^, 

8:  (NHJ4M07024*4H20 

M03P3/2 

a :  M0O2 , 

b ;  Mo*’ , 

c:  (NHJ2MoO^, 

d:  (NHJ4Mo7024*4H20 

Nls 

e:m^, 

f  :NH^* 

Diffraction  Angle  (29) 
X—ray  diffraction  spectra  for  various  Mo 

compounds . 


Wntflno  Knaroy  <«V) 


•  Bn 


40*  401  a*r  ••*  ••*  aai  **• 

•Incfina  KrMrav  fav) 


Figur*  7.  Mo3d  and  Mo3p  XPS  spectra  for  pure  Mo  polarized 
at  50  mV  for  1  hour  in  deaerated  O.IM  HCl. 


M03P3/2 

a: 

Mo (met) , 

b: 

Mo**, 

c; 

Mo** 

MoSdj^j 

1; 

Mo (met) , 

2: 

Mo**, 

3: 

Mo** 

MoSdj^j 

4 : 

Mo (met) , 

5; 

Mo**, 

6: 

Mo** 
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Table  4.1  Chemical  Compositions  of  the  Stainless  Steels (wt%) 


Alloy 

C 

Mn 

IBI 

■ 

Si 

Cr 

Ni 

Mo 

Cu 

N 

304 

0.053 

1.77 

0.031 

0.008 

0.41 

19.27 

8.49 

0.16 

0.16 

0.04 

304N 

0.090 

1.74 

0.030 

0.007 

0.39 

18.8 

8.59 

0.36 

0.16 

0.24 

317LX 

0.022 

1.52 

0.018 

0.015 

0.41 

18.43 

13.13 

3.34 

<0.01 

0.055 

317LXN 

0.026 

1.59 

0.026 

0.016 

0.43 

18.36 

13.31 

3.36 

<0.01 

0.192 

904L 

0.019 

1.50 

0.023 

0.002 

0.44 

20.46 

24.40 

4.51 

1.48 

0.053 

904LN 

0.024 

1.50 

0.024 

0.002 

0.52 

20.33 

24.58 

4.50 

1.50 

0.200 

AL6X 

0.028 

1.60 

0.023 

0.004 

0.33 

20.65 

23.86 

6.27 

<0.01 

0.055 

AL6XN 

0.027 

1.59 

0.022 

0.004 

0.31 

20.68 

23.91 

6.25 

<0.01 

0.1C3 

C 

Mn 

m 

S 

Si 

Cr 

Ni 

Mo 

H 

N 

Fe20Cr20Ni  0.004  0.18  <0.003  22ppm  0.08  20.12  20.18  0.01  0.02  0.011 

Fe20Cr20Ni  0.006  0.20  0.01  21ppm  0.08  19.86  19.98  5.99  0.03  0.011 
6Mo 

Fe20Cr20Ni  0.005  0.14  0.009  22ppm  0.09  19.74  19.74  5.96  0.03  0.19 

6HO0.2N 
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Table  4.2  Potentiostatic  Polarization  Conditions  of  pure  Cr 


Potential 


Polarizing  Condition 


1.  -  930  mV 

2.  -  700  mV 

3.  0  mV 

4.  950  mV 

5.  1300  mV 


For  15  min  in  O.IM  HCl  +  0.5M  NaNO, 
For  15  min  in  O.IM  HCl  -t-  0.5M  NaNO, 
For  5  min  in  O.IM  HCl  and  then 
for  55  min  in  O.IM  HCl  +  0.5M  NaNO, 
For  S  min  in  0.1“  HCl  and  then 
for  55  min  in  O.IM  HCl  +  0.5M  NaNO, 
For  1  min  in  O.IM  HCl  and  then 
for  10  min  in  O.IM  HCl  +  0.5M  NaNO, 


6.  0  mV  For  3r  min  in  O.IM  HCl  and  then 

for  30  min  in  O.IM  HCl  +  0.5M  NaNO, 

(scratch  sample  surface  during  polarization) 
For  10  min  in  O.IM  HCl  +  0.5M  NaNOj 


7.  1300  mV 
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Table  4.3  Potantiostatic  Polarization  Conditions  of  Pure  Mo 


Specimen  Potential (mV)  Time  Solution  NO,'  Treat 


Mo 


MOjN 


-50 

1  H 

O.IM 

HCl 

X 

-50 

1  H 

O.IM 

HCl 

0 

250 

1  H 

O.IM 

HCl 

X 

600 


3  min  O.IM  HCl 
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Table  4.4  Potentiostatic  Polarization  Conditions  of  Stainless 
Steels  at  Room  Temperature. 

(a)  18-8  Stainless  Steels  at  -180  mV 

NO,*  Treatment  Polarization  Time 

O.IM  HCl  O.IM  HC1+0.75M  NaCl 


0.04  «rt%N 

0 

1 

H 

- 

Alloy 

0 

3 

H 

- 

0 

6 

H 

- 

X 

6 

H 

-  ' 

X 

1 

H 

30  min 

0.24  wt%N 

X 

6 

H 

- 

Alloy 

X 

1 

H 

30  min 

(b)  High  Ni  Stainless  Steels 

at  -lOOmV  for  1  hour  in  O.IH  HCl  0. 

.4M  NaCl 
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Table  4.5  Binding  energies  and  Fitting  Parameters  Used  in  This 
Study 


(a)  Chromium (Cr) 


Species 

B.E.  (eV) 

HMKM(eV) 

G/L 

TH 

ETS 

TM 

£c2fij/2 

Cr (met) 

574.1 

0.8 

0.65 

0.001 

0.05 

0.5 

CrjOj 

576.3 

1.1 

0.5 

0.001 

20 

0.5 

cr(OH)j 

577.0 

1.1 

0.5 

0.001 

20 

0.5 

CrOj 

578.3 

0.7 

0.5 

0.001 

20 

0.5 

CrO*'* 

579.3 

0.7 

0.5 

0.001 

20 

0.5 

Cr(met) 

583.3 

1.1 

0.65 

0.001 

0.05 

0.5 

CrjOj 

586.0 

1.2 

0.5 

0.001 

20 

0.5 

Cr(OH)j 

586.7 

1.2 

0.5 

0.001 

20 

0.5 

CrOj 

587.5 

0.9 

0.5 

0.001 

20 

0.5 

CrO*'* 

588.5 

0.9 

0.5 

0.001 

20 

0.5 

(Continue) 
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(b)  Molybdenum (Mo) 


Species 

B.E. (eV) 

HWHM(eV) 

G/L 

TH 

ETS 

TM 

VsHin 

Mo (met) 

227.7 

0.6 

0.75 

0.001 

0.15 

0.5 

MOjM 

228.1 

0.7 

0.75 

0.001 

0.15 

0.5 

MoO, 

229.0 

0.8 

0.5 

0.001 

0.11 

0.5 

Mo** 

230.8 

1.0 

0.5 

0.001 

20 

0.5 

Mo04‘*(in  Alloy) 

231.9 

1.0 

0.5 

0.001 

20 

0.5 

MoO, 

232.5 

0.8 

0.5 

0.001 

20 

0.5 

FeMoo^ 

232.1 

0.8 

0.5 

0.001 

20 

0.5 

NiMoO^ 

234.0 

1.2 

0.5 

0.001 

20 

0.5 

(NHJjMo/)^* 

232.8 

0.8 

0.5 

0.001 

20 

0.5 

(NHJjMoO* 

232.0 

0.8 

0.5 

0.001 

20 

0.5 

MoCl, 

230.6 

llsldj/z 

Mo (met) 

230.8 

0.7 

0.75 

0.001 

0.11 

0.5 

MOjN 

231.2 

0.8 

0.75 

0.001 

0.11 

0.5 

MoOj 

232.2 

0.9 

0.70 

0.001 

0.11 

0.5 

♦ 

0 

X 

233.9 

1.1 

0.5 

0.001 

20 

0.5 

MoO^**(in  Alloy) 

235.1 

1.1 

0.5 

0.001 

20 

0.5 

(Continue) 
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Species 

B.E. (eV) 

HWHM(eV) 

G/L 

TH 

ETS 

TM 

MoO, 

235.7 

0.9 

0.5 

0.001 

20 

0.5 

FeMoO^ 

235.3 

0.9 

0.5 

0.001 

20 

0.5 

NlNoO^ 

237.2 

1.3 

0.5 

0.001 

20 

0.5 

236.0 

0.9 

0.5 

0.001 

20 

0.5 

(NHJjMoO^ 

235.4 

0.9 

0,5 

0.001 

20 

0.5 

MoCl, 

233.8 

Malfis/2 

Mo (met) 

394.0 

1.3 

0.8 

0.001 

0.10 

0.5 

MoOj 

395.7 

1.5 

0.6 

0.001 

20 

0.5 

Mo** 

397.1 

1.7 

0.6 

0.001 

20 

0.5 

Mo04'^(ln  Steel) 

398.2 

1.6 

0.6 

0.001 

20 

0.5 

MoO, 

398.7 

1.5 

0.6 

0.001 

20 

0.5 

FeMoO^ 

398.0 

1.5 

0.6 

0.001 

20 

0.5 

NiMoO« 

399.9 

1.8 

0.6 

0.001 

20 

0.5 

(NHJjMo/),* 

398.8 

1.7 

0.6 

0.001 

20 

0.5 

(NH4),Mo04 

398.4 

1.7 

0.6 

0.001 

20 

0.5 

(Continue) 
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(c)  Iron(F«)  and  Nickel (Ni) 


Species 

B.E. (eV) 

HWHM(eV) 

G/L 

TH 

ETS 

TM 

Fe(met) 

706.8 

0.9 

0.5 

0.001 

0.075 

0.5 

Fe** 

709.0 

1.1 

0.5 

0.001 

20 

0.5 

Fe** 

710.9 

1.2 

in 

• 

o 

0.001 

20 

in 

• 

o 

Ki2S,/2 

Nl (net) 

852.3 

0.8 

0.6 

0.001 

C.07 

0.5 

NIO 

854.5 

0.9 

0.5 

0.001 

20 

0.5 

Ni(OH)2 

856.6 

1.3 

0.5 

0.001 

20 

0.5 

(Continue) 


126 


(d)  Nitrogen (N) 


Species  B.E.(eV)  HWHM(eV) 

G/L 

TH 

ETS  TN 

Nls 

Nitride (in  Steel)  397.2 

0.9 

0.5 

0.001 

20 

0.5 

NH3(in  Steel) 

399.9 

1.0 

0.5 

0.001 

20 

0.5 

NH4 

401.5 

1.1 

0.5 

0.001 

20 

0.5 

CrN 

397.0 

( n itrate-treatment ) 

CrjN 

397.4 

reference  (80) 

NiN 

397.4 

(nitrate-treatnent) 

397.7 

(nitrided  Ni)”’ 

FeN 

396.5 

( nitrate-treatment ) 

396.8 

(Nj  react  with 

Fe  at 

500'C)’®’ 

NH, 

399.4 

(Absorbed  at  200  torr  at  0”c 

on 

Fe)”’ 

NO 

399.6 

(Absorbed  at  200  torr  on  Ni 

and 

P0  J 

[Cr(NHj),OHj]  (NOj) 

j  399.8 

(powder) 

NH4* 

401.5 

(NH^Cl) 

(continue) 
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(d)  Nitrogen (N) 


Species 

B.E.(eV)  HHHM(eV)  G/L 

TH  ETS  TM 

Nls 

Nitride (in  Steel)  397.2 

0.9  0.5 

0.001  20  0.5 

NH,(Tn  Steel) 

399.9 

1.0  0.5 

0.001  20  0.5 

NH^ 

401.5 

1.1  0.5 

0.001  20  0.5 

CrN 

397.0 

( n i t r ate-tr £a tment ) 

CrjN 

397.4 

reference  (82) 

NiN 

397.4 

(nitrate-treatment) 

397.7 

(nitrided  Ni)**’ 

FeN 

396.6 

(nitrate-treatment ) 

396.8 

(Nj  react  with  Fe  at 

500*C)’*’ 

NHj 

399.4 

(Absorbed  at  200  torr  at  0"C  on  Fe)’*’ 

NO 

399.6 

(Absorbed  at  200  torr  on  Ni  and  Fe)’**”’ 

CCr(NHj)50H2]  (NOj) 

,  399.8 

(powder) 

NH/ 

401.5 

(NH*C1) 

(continue) 


(•)  0xy9«n(0) 


Spocies 

B.E. (eV) 

HWHM(eV) 

G/L 

TH 

ETS 

TM 

QXa. 

Oxid«(ln  Steel) 

529.9 

1.0 

0.5 

0.001 

20 

0.5 

OH' (in  Steel) 

531.4 

1.1 

0.5 

0.001 

20 

0.5 

HjO 

532.7 

1.1 

0.5 

0.001 

20 

0.5 

MoOj  529.9 

Mo**  530.0 

MoO,  530.5 

FeMoO^  530.2 

NiMoO^  532.0 

(NH«)2MoO«  530.5 

(NKJ^MO^Oj*  530.5 
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Table  5.1  Salient  Electrochemical  Characteristics  for  Pure  Metals 


Material 

Treat 

Eocp("V) 

I^,i,(uA/cm*) 

Ip.„(uA/cm*) 

E,r(»V) 

Pure  Cr 

- 

-790 

1821.7 

5.5 

850 

Nitrate 

-445 

- 

15.0 

850 

Pure  Mo 

- 

-436 

- 

2.5 

75 

Nitrate 

-408 

- 

1.8 

100 

Nitrided  Mo 

-197 

2.0 

350 

Table  5.2  Salient  Electrochemical  Characteristics  for  High  Hi 
Stainless  Steels  Polarized  at  -100  mV  in  O.IM  HCl  0.4M  NaCl 


Material 

Ecorr(®V) 

I„j,(uA/cm*) 

Ip,„(uA/cm*) 

Fe20Cr20Ni 

-356 

80.4 

4.2 

40.2 

Fe20Cr20Ni6Mo 

-326 

30.0 

5.0 

Fe20Cr20Ni6Mo0. 2N 

-314 

— 

4.5 
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Table  5.3  Relative  Sensitivity  Factors 


Cr2p 

Ni2p 

Fe2p 

Mold 

Sensitivity  Factor  1 

1.38 

1.41 

1.29 

Table  5.4  Passive  Film  Thickness (A)  of  High  Ni  Stainless 


Steels  Polarized  at 

-lOOmV  in  0. 

IM  HCl  + 

0.4M  NaCl. 

Material 

doH 

droT 

Fe20Cr20Ni 

10.97 

4.92 

15.89 

Fe20Cr20Ni6Mo 

10.72 

2.73 

13.45 

Fe20Cr20Nl6Mo0.2N 

10.26 

2.49 

12.75 
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Tabla  5.5  Salient  Electrochemical  Characteristics  for  18-8  Alloy 
Polarized  in  O.IM  HCl  at  Room  Temperature 


Material  Treat 

Eo<p(»V) 

(uA/cm^) 

).04  %N  18-8 

-412 

100.6 

1 

6.8 

N-dope 

-370 

35.0 

5.7 
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Tabl«  5.6  Intensity  Ratios  of  Fe  Ions  for  the  50*  and  20*  Take-off 
Angle  Spectra  for  18-8  Alloys  Polarized  at  -180  mV. 


Solution 

Sample 

1 

Fe*VcrjOj 

Pe*Vcr(OH)j 

Fe*’/CrjOj  F 

V’/Cr(OH)j 

50*  20* 

50*  20* 

50*  20* 

50*  20* 

N-Doped 

IH 

1.27  1.49 

0.46  0.49 

1.17  1.28 

0.43  0.43 

0.04  %N 

3H 

0.85  1.01 

0.41  0.42 

0.78  0.91 

0.38  0.38 

O.IM  HCl 

6H 

0.46  0.56 

0.29  0.28 

0.25  0.29 

0.16  0.15 

0.04  %N 

6H 

0.55  0.57 

0.30  0.27 

0.34  0.38 

0.18  0.18 

0.24  %N 

6H 

0.31  0.30 

0.21  0.15 

0.34  0.34 

0.22  0.17 

O.IM  HC1+ 

0.04  %N* 

■ 

0.82  0.91 

0.55  0.51 

0.53  0.57 

0.35  0.32 

.75M  NaCl 

0.24  %N* 

1 

0.50  0.61 

0.34  0.36 

0.26  0.28 

0.17  0.16 

*  Passivated  at  -180  nV  for  1  hour  in  O.IM  HCl  and  for  30  nin  in 


O.IM  HCl  -f  0.5M  Had 


134 


ci;  OH" 


Key:  Positive  fixed  charge-—  • 
negative  fixed  charge -  e 


Figur*  2.1  Schematic  representation  of  the  bipolar 
behavior  of  the  passive  film  formed  on  stainless 
steel. 


ANODIC  CURRENT 
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Figur*  3.1  The  variable  angle  XPS  technique. 
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SPECTROMETER 


®‘.E. 


58) 

Figure  3.2  Basle  features  of  photoemission  experiment. 
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Figure  4.2  Electrochemical  instrumentation. 


MS.  sczez  C  MM> 


['ll 


Figure  5.1  Potentiodynamic  polarization  curve  for  pure 
Cr  in  O.lM  HCl  at  room  temperature  (scan  rate  =  1  mV/sec)  . 


Figur*  5.2  His  XPS  spectra  for  Cr  samples  treated  in  O.IH 
HCl  +  0.5M  NaNOj  at  various  potentials. 


1;  Nitride,  2:  NH,,  3;  NH/, 


4:  NO,' 
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Piguro  5.3  Nls  XPS  spectrum  for  scratched  Cr  sample  at 
0  mV  in  O.IM  HCl  +  0.5M  NaNOj  solution. 


Mo  3d 


N  IS  &  Mo  3 
I  304  |\ 


317LX 


•.■.(•V) 


Figure  5.4  Nls  and  Mo  XPS  spectra  for  the  stainless 
steels  after  nitrate  reduction  treatment. 

Nls  1;  Nitride,  2:  NH, 

MoSp,,,  3;  Mo  (met),  4:  MoOj,  5:  Mo*',  6:  MoO^’^,  7;  MoO 

MoSdj/j  Mo(met),  B:  MoOj,  C:  Mo*®,  D;  MoO^'^,  E;  MoO 

Moldj^j  *•  Mo(roet),  b:  MoOj,  c:  Mo*®,  d:  MoO^**,  e;  MoO 


Figur*  5.5  Polarization  curves  for  the  high  Ni  stainless 
steels  in  O.IM  HCl  +  0.4M  NaCl  at  room  temperature. 


593 


B.E. (•V) 


570  593 


B.E. (•V) 


B.E,  (•V) 


Figure  5.6  Cr2p  XPS  spectra  for  the  high  Ni  stainless 
steels  polarized  at  -100  mV  for  10  min  in  O.IM  HCl  +  0.4M 
NaCl  at  room  temperature. 

l:  Cr(met),  2;  Cr^O^,  3;  CrCOH),,  4:  CrO,,  5:  CrO^  ^ 


Figur*  5.7  Mo3d  XPS  spectra  for  high  Ni  stainless  steels 
polarized  at  -100  raV  for  10  min  in  O.IM  HCl  +  0.4M  NaCl 
at  room  temperature. 

MoSdj^j  A:  Mo(met),  B;  MoOj,  C:  Mo^®,  D:  MoO^'^,  E:  MoO, 
MoSdj.j  a:  Mo(met),  b;  MoO,,  c;  Mo**,  d:  MoO,'^,  e:  MoO, 
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Figure  5.8  Nls  and  Mo3p  XPS  spectra  for  Fe20Cr20Ni6Mo 
and  Fe20Cr20Ni6Mo0,2N  alloys  polarized  at  -100  mV  for  10 
min  in  O.IM  HCl  +  0.4M  NaCl  at  room  temperature. 


Mo3p3,2 

Nls 


1;  Mo  (met),  2:  MoOj,  3:  Mo** 
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Figur*  5.9  Fe2p  XPS  spectra  for  high  Ni  stainless  steels 
polarized  at  -100  mV  for  10  min  in  O.IM  HCl  +  0.4M  NaCl 
at  room  temperature. 
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Figure  5.10  Ni2p  XPS  spectra 
polarized  at  -100  mV  for  lO 
room  temperature. 
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Figur*  5.11  Passive  film  structures  of  Mo  bearing  stainless  steels 

polarized  at  -100  mV  for  10  min  in 

O.IM  HCl  +  0.4M  NaCl  at  room  temperature. 
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Figure  5.14  Mo3d  XPS  spectra  for  pure  Mo  and  nitrate 
treated  Mo  polarized  at  50  mV  for  l  hour  in  deaerated 
O.IM  HCl  at  room  temperature. 
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Figure  5.15  Nls  and  Ho3p  XPS  spectra  for  pure  Mo  and 
nitrate  treated  Mo  polarized  at  50  mV  for  1  hour  in 
deaerated  O.IM  HCl  at  room  temperature. 
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Figure  5.1«  Ols  XPS  spectra  for  pure  Mo  and  nitrate 
treated  Mo  polarized  at  50  mV  for  1  hour  in  deaerated 
O.IM  HCl  at  room  temperature. 
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Flgur*  5.17  Mold  XPS  spectra  for  nitrided  Mo  polarized 
at  250  mV  for  1  hour  and  at  600  mV  for  3  min  in  deaerated 
O.IM  HCl  at  room  temperature. 
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Figure  5.18  Nls  and  Mo3p  XPS  spectra  for  nitrided  Mo 
polarized  at  250  mV  for  1  hour  and  at  600  mV  for  3  min 
in  deaerated  O.lM  HCl  at  room  temperature. 
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Figure  5.19  Ols  XPS  spectra  for  nitrided  Mo  polarized  at 
250  mV  for  1  hour  and  at  600  mV  for  3  min  in  deaerated 
O.IM  HCl  at  room  temperature. 
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Figur*  5.20  Polarization  curves  for  18-8  (304)  stainless 
steels  in  deaerated  O.IM  HCl  at  room  temperature. 
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Figure  5.21  Passive  current  density  vs.  time  curves  for 
pure  Cr  passivated  in  O.IM  HCl  at  -180  mV(SCE) . 
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Pigur*  5.22  Measurements  of  induction  time  to  pitting  of 
passive  films  formed  on  18-8  stainless  steels  in  O.IM  HCl 
at  -180  mV. 
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Figur*  5.23  Cr2p  XPS  spectra  for  the  passive  films  of  18- 
8  alloys  polarized  at  -180  mV  for  6  hours  in  O.IM  HCl. 
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Figure  5.24  Fe2p  XPS  spectra  for  the  passive  films  of  18- 
8  alloys  polarized  at  -180  mV  for  6  hours  in  O.IM  HCl. 
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Figura  5 a 25  Ni2p  XPS  spectra  for  the  passive  films  of  18 
8  alloys  polarized  at  -180  mV  for  6  hours  in  O.IM  HCl. 


165 


Figura  5.26  Nls  XPS  spectra  for  the  passive  films  of  18 
8  alloys  polarized  at  -180  mV  for  6  hours  in  O.lM  HCl. 
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Figure  5.27  Passive  film  structure  of  18-8  stainless 
steel  polarized  at  -180  mV  in  Cl*  solution. 
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Figure  5.28  Relation  between  Fe  ions  and  NHj  concentra¬ 
tions  in  the  passive  films  formed  on  18-8  stainless 
steels  at  -180  mV  in  Cl'  solution. 
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Figur*  5.29  Nls  XPS  spectra  for  the  passive  films  of  18- 
8  alloys  polarized  at  -180  mV  for  1  hour  in  O.IM  HCl  and 
further  polarized  for  30  min  in  O.IM  HCl  +  0.75M  NaCl. 


169 


Eletrolyte 


Cathode (Metal) 


(A) 


Electrolyte 


Anode (Metal) 


(B) 


Figure  6.1  Schematic  of  ion  movements,  when  applied 
voltage  is  (a)  negative,  (b)  positive. 
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Figure  6.3  Surface  effect  of  NOj  reduction  at  high 
anodic  potential. 
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Figure  6.4  Valence-state  bonding  enthalpy  per  unpaired 
4d  and  5d  electrons. 


Figure  6.6  Mo-Ni  phase  diagram 


Figure  6.5  Free  energies  of  the  reactions  to  form  NijN 
MOjN  and  B^-NijMOjN.^®’ 
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Figure  8.1  Salient  electrochemical  characteristics  vs. 
temperature  for  AL6X  and  AL6XN  alloys  polarized  in  O.IM 
+  2M  NaCl.  (a)  Potentials (E^,  E_  and  E  ),  (b)  Critical 
current  denslty(Ij^,j)  and  (cT  Pas^vation  current 
density  (Ip,„) 
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Figur*  8.2  salient  electrochemical  characteristics  vs. 
temperature  for  AL6X  and  AL6XN  alloys  polarized  in  0.5M 
H2SO4.  (a)  Potentials  (E.,,  E_  and  E  ),  (b)  Critical 
current  density  and  (c)  Passivation  current 
density(Ip,„) 


